
THE. MECHANICAL 
PRODUCTION OF COLD 



CAMBRIDGE UNIVERSITY PRESS 
C. F. CLAY, Man - 
LC/NDON : FETTER LANE, E.C. 



LONDON : H. K. LEWIS AND CO., Ltd., 
136 Gower Street, W.C. 1 
NEW YORK : THE MACMILLAN CO. 
BOMBAY \ 

CALCUTTA i MACMILLAN AND CO., Ltd. 
MADRAS ] 

TORONTO : THE MACMTLLAN CO. OF 
CANADA, Liu. 

TOKYO: MARUZEN-KABUSHIKI-KAISHA 


ALL RIGHTS RKSFKVF.D 



THE* MECHANICAL 
PRODUCTION OF COLD 


BY 

Sir J. A. EWINCy JCC.B., LL.D., F.R.S., M.Inst.C.E. 

PRINCIPAL AND VICE-CHANCELLOR gF THE UNIVERSITY" OF EDINBURGH, 
HONORARY FELLOW OF KING’S COLLEGE, CAMBRIDGE, 

FORMERLY PROCESSOR «F MECHANISM AND APPLIED MECHANICS 
IN THE UNIVERSITY OF CAMBRIDGE, 



Carn,bridgp : 

at the University Press 



First Edition 1908. 
Second Edition 1921. 



PREFACE 


T HIS book is a reprint of “Howard” Lectures on the 
Mechanical Production of Cold, delivered before the Society 
of Arts in 1897, with additions and corrections which show the 
advances of the past eleveD years and bring the accounts of 
"machines and processes into accord with the practice of the 
present day. In its main features the art of refrigeration has 
undergone little change in that time. But notable progress 
has been made in some directions, and ^his has required the 
introduction of a good deal of supplementary matter. 

1 In the new portions the separation of oxygen from nitrogen 
in air, by condensation under extreme cold, is dealt with in some 
detail. This process, which is due for the most part to the genius 
of Linde, has become’ important in the commercial supply of 
oxygen and also as a step in the manufacture of nitrogenous 
„ manure. In the theoretical treatment of refrigerating machines 
the investigations of Dr Mollier have been specially fruitful. 
The Appendix will be found to contain an account of useful 
graphic processes with which he has enriched this branch of 
technical thermodynamics. 

In expanding the book the origirihl fcrm of lectures hat, been 
retained, as being appropriate to the intended method of treatment. 
A “general account of refrigeration is given, but it is chrefly 
on the thermodynamic aspect of the subject that stoets is laid. 

From this point of view a refrigerating machine , is essentially ' 
a contrivance for pumping up heat from a place that is 
comparatively cold to a place that is comparatively warm, and the 
question of primary interest is how to do this pumping with the 
least expenditure of power. We are concerned with the theoretical 
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<imit* to the economy bf {lower lhat hold in ideal Refrigerating 
processes, and ‘with considerations as to h<?w nearly the actual 
conditions under which Refrigeration is carried out will allow these 
limits to be approached when one or another type of real machine 
is employed. The lecture are ih great part an attempt to 
make this side of the subject intelljgible without unnecessary 
mathematics. 

In preparing them I obtained much information from £>r Linde, 
Professor Schroter, Mr Windhausen, Mr Qscnbriick, Mr Lightfoot, 
Mr Hesketh, Mr Sterne, Sir Alfred Haslam, Professor Sir James 
Dewar, and the late Sir Frederick & am well. To many of 
these gentlemen I ajn additionally indebted now, especially 
Dr Linde, Mr *Lightfoot, Mr Hes^eth and Sir James Dewar. 
Dr Mollier, Mr Murray of the British Oxygen Comp'any t Sir 
William Raijisay, and Sir Philip Watts have also most kindly 
helped in various ways to make the work more complete. 

I have also to thank the authorities of the Society of Arts for 
peemission to us* material which appeared in the Journal of the 
Society. 


J. A. EWING. 


August, 1908, 


The changes in the Second Edition are mainly the correction 
of certain errata and the clearing up of points in which the original 
text was somewhat obscure. 

J. A. E. 


if arch, 1919. 
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LECTUKE I. 

Preliminary. 

From the terms of the Howard Bequest,^ it appeavs that these 
lectures are primarily intended for the discussion of some application 
,of thermodynamic^ .Previous holders of the Howard Lectureship 
have # <Jealt with the generation and transmission of power. J.haVe 
been led to select the subject of mechanical refrigeration on the 
double ground that it is one of the most interesting and com- 
paratively novel applications of power, and that it is further 
intimately connected with the conversion of Seat into work, 
inasmuch as it is a reversal of the operation by which .Heat is 
converted into work — it i§ a conversion of work into heat, effected 
in such a way as to produce cold. 

Its industrial importance is a matter on which I need not 
t£ke up your time by dilating. One of its earliest and largest 
applications is to*brewing. It is only by means of mechanical 
refrigeration that the great modern breweries have become 
possible. Moreover, it has revolutionised the industry which* 
relates to the distribution and sale erf ice. It has given us a 
product which is not only better than that which nature herself 
has provided, but can be sold at a price wit^i which natural ice 
cannot in general compete. If has further created an ^normous 
eew industry in the transport and storage of the perishable 
necessaries of life in a cold state. Perhaps? some of us are scarcely 
aware how much we are indebted to f it in this respect.* It is open 
to conjecture that we sometimes owe something to mechanical 
refrigeration for the. supply of that “prime old English be^T 
and mutton” for >^hich we, ifl#any cafce, pay home prices. It has 
given us many luxuries, such as paraffin wax, photographic filYns, 
and ice rinks. It has given us other things which^ne would hesitate 
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^to describe as luxuries* such as oleo-irfargarine. * Thd commercial 
importance of mechanical refrigeration is indicated by the fact that 
there Vre two journals exclusively devoted to the subject, the 
American Ice and Refrigeration , the German Zeitschrift fti/r die 
gesammte Kdlte-Industrie t The fiipt of these is for the mo^i part 
severely practical, but is garnished with the shrewd remarks and 
occasional personalities which are characteristic of the Transatlantic 
Press. The other is, in its way, just as distinctly national, and fills 
one with a sense of the letjd which Germany has over us in the 
matter of technical education. A great part of it is occupied by 
articles of the most substantial kind dealing with points in the 
thermodynamic theory of refrigeration — articles on which most 
English engineers would look askance. Not a few of its pages 
bristle with differential equations. 

The subject is pre-eminently scientific asnvfcll as practical In' 
itis whole development it has been guided to a remarkable degree 
by theory, and this has weighed with me in choosing it for treat- 
ment in these lectures.. We may contrast it in this respect with 
the development of the steam-engine. That development, in its 
early stages, owed little or nothing to theory; it took place mainly 
by an empirical process. Heat-engines were brought? to a con- 
siderable degree of perfection before even the doctrine was accepted 
of the mechanical equivalence of heat and work. The case is 
different with mechanical refrigeration. At every step of the 
process we find th& influence of scientific ideaif. No part of it 
has takfcn place except under the direct guidance of physical 
sci^qce. If we turn to the writings of inventors on the subject — 
*to the papers of Kirk, Coleman, Li ghtfoot, Linde, and Windhausen-*- 
we find t*h§ constant influence of scientific modes of thought 
affecting and directing their inventions. I may quote in this 
connection language wh^ch was uged by Sir Frederick Bramwell 
in the discussion of a fiaper by Mr Coleman, read before the 
Institution of Civil Engineers in 1884. Sir Frederick Bramwpll 
then said : “ There probably* nevea had been a paper submitted 
which mfcdo'more perfectly clear the necessity that the successful 
engineer of tlfe present day, and still more the successful engineer 
of the future, must be a man competent to ‘apply to the pursuit 
of his profession the highest scientific truths.* The subject,” he 
continued, “ showed how the very . utmost results of thermo- 
dynamics were Applied in practice for common use.” 
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0# REFRIGERATION 

I propose, first, to go into a few general <*on si derations regaling 
the thermodynamical* basis on which stand alb the practical 
processes of mechanical refrigeration. These considerations nSAy 
appear rather dry, but they are essential to an understanding of 
the subject. 

Two General Methods. 

9 Broadly speaking, the methods that are employed for the 
production of cold may be classified under two heads, the second 
of which is by far the more important «in practice. There is, first, 
the production of cold directly by the agency of heat, or, in other 
words, the expenditure ^f heat for the production of cold, and, 
second, the. production of cold by the expenditure of mechanical 
work. It is by the expenditure bf mechanical work* that nearly all 
^modern refrigeration is carried out, namely by compressing a gas or 
a vaptfur and afterwards allowing it to expand under conditions 
which allow it to absorb heat from the thing that is to be cooled. 
In general this mechanical work is, in its turn, obtained by the 
agency of heat, a steam-engine or other heat-engirt being used to 
drive the refrigerating machine. In .such cases wa may be said to 
apply heat indirectly to produce cold, the heat being used first to 
produce mechanical power, Which is then applied for the production 
of cold. ' Examples are of bourse found where some other source of 
•mechanical power, such as water power, is applied, and where, 
therefore, the agency of heat in the prime mover does not come in 
at all. But in almost every*practical example of refrigeration you 
* find that heat is operative— *that at one end of the chain jfou have 
the expenditure of heat going on, and at the other end youiiave 
tfie production of cold. Mr Richmond, an American engineer who 
has written some highly interesting and suggestive papers on the 
subject, has remarked that if a student beginning to observe the 
process without any a 'priori ideas were taplarft himself outside an 
ice-making factory the first thing he woitld notice would be that 
coal goes # in at one door and* ice comes out at the other. 

The Production of Gold: Idea of a Heat-PuAp. 

Now, what does this phrase, the production of cold, really mean? 
It implies, in the first place, thff reduotion of the temperature of a 
body below the general level of temperature of the surroundings. 
It further jmplies the ^maintenance of the temperature of a body 

_ 1—2 
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,at a* lower level of temperature than the surroundings, uon- 
sequently, it means the continued extraction of heat from a body 
jvtiose "temperature is already below the temperature of bodies in 
its neighbourhood. For example, if a cold storage room is being 
maintained at a temperature of say 18° Fahr., there must be a 
continual extraction of heat from the atmosphere of the room. 
We must go on continuously pumping out the heat which comes 
into the room through leakage from outside, and also whatever 
heat is brought into the room in articles which are carried into it 
after the temperature has once been reduced. To maintain the 
low temperature of a cold storage room you must have a continual 
extraction of heat going on from a thing which is already colder 
than its surroundings. Precisely the same remark is applicable 
in the case of a brine tank for the production of ice. The brine 
has to be maintained at a temperature somewhat lower than that* 
at which water freezes, considerably lower if the process of freezing . 
is to go on at a reasonably fast rate. The heal, which comes into 
the brine from the water to be frozen, the heat which the water 
gives out when it freezes, and the heat which leaks in from all 
sources has to be continuously extracted from the brine at this 
comparatively low level of temperature. What beco'mes of the 
heat so extracted ? It is not destroyed ; it continues to exist as 
heat; but it is raised to a higher level of temperature and is. 
discharged there. It is discharged by being given up to some 
substance which a6t.s as a Yeceiver of heat. In all actual cases 
of refrigeration the substance which absorbs the rejected heat is* 
circulating water, which becomes more or less warmed by the heat 
‘which it takes up. The refrigerating machine, accordingly works 
between twg temperatures' ; the lower temperature is that at which 
heat is takert in from the body which is to be kept cold' and the 
higher temperature is c that at >vhich heat t is rejected to the 
circulating water «r oth^r substance which ‘absorbs it. In order 
that this process may go on we mUst have an expenditure, of 
mechanical power. Heat is*being»>virtually pumped up frorp the 
Jow level <of temperature to the higher level, and is being rejected 
at that highel level of temperature. This process will not go on 
by itself; work has to be done to effect it*. The work, which is 
expended is itself converted intd heat, and* hence the whole 
quantity of heat which is rejected is made up of two elements. 
It is the heat* ^hich has been extract Qf +w 1aw 
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temperature' froid the thifig that is*beiag Qooled or kept .cold 
plus the heat which* is equivalent to the mdbhanical work 
which has been expended in extracting it. The conception oj 
a refrigerating machine as a heat-pump, taking in heat at a low 
level pf temperature, and discharging Jjeat at a higher level of 
temperature, is of fundamental importance. We may compare 
it to a pump raising water* but with this difference that in the 
water-pump the quantity that* is discharged at the high level is 
the same as the quantity that is takei^in at the low level, whereas 
in the heat-pump the quantity discharged is augmented by the 
conversion into heat # of # the work expended in the process of 
pumping. 

Co-efficient of Performance. 

Taking the process us a whole, a quantity of work, which we 
may alll W, is employed to extract at the low level of temperature 
a quantity of heat, which we will call Q<>. If Q x stands for the 
heat which is given out at the higher level, then these quantities 
are connected by the equation 

it being urtderstood that the amount of work W is expressed by 
its equivalent in heat-units. As regards the efficiency of. any 
.process of refrigeration, what we are concerned with is the relation 
between the quantity of heat Q t which h taken in at the low level 
of temperature, and the quantity of work W which is expended in 
the process. The lhrger Q 2 is compared with W the more efficiently 
is the process of refrigeration being carried out. If we take the 
quantity Q 2 , and divide by W, we get a certain figure of merit 
which is called the co-efficient of performance. In other words, 
the co-efficient of performance of a refrigerating machine is defined 
to be the ratio of the quantity ^of heat which^is extracted at the 
low level of temperature to the quantity of worl^ which is employed 
in .extracting it. 

Ideally Perfect Refrigerating Machida 

A fundamental question in the theory of refrigeration is this * 
What is the highest possible co -efficient of performance that any 
refrigerating machine can con<&ivably*have ? We shall afterwards 
have to consider to what extent various practical refrigerating 
. machines succeed in Approaching this ideal ofc perfection. But 



6 GENERAL PRINCIPLES 

« 

tour attention must firstfbe given to the'ideally perfect refrigerating 
machine, that i£ to say, the machine whose coefficient of performance 
is the highest that is compatible with thermodynamic principles. 
The co-efficient which is calculated for it is one which may be 
approached, but cannot ppssfbly be, exceeded by any real machine. 
It forms a standard of comparison by which the performance of 
real machines may be judged, so far ‘as thermodynamic efficiency 
is concerned. The ideal performance of a refrigerating machine 
depends simply upon the particular temperatures between which 
it works. We shall see that under the ideally perfect conditions 
a simple relationship exists between the h§at that is extracted 
from the cold body, and the work that is done, a relationship 
which can be expressed as a function of the two temperatures 
between which the machine works, jpid that the greater the range 
of temperature is through which the heat liaStcf be pumped up, the f 
smaller does the ideal co-efficient of performance become. This, ‘ 
then, is a point of much practical consequence. We cannot expect, 
even in the most perfeot refrigerating machine, to find so large a 
co-efficient of performance in a case where the range of temperature 
through which the heat is to be raised is great, as we may find 
when the range is small ; and practically it becomes of the utmost 
importance to keep the range of temperiiture as small as possible, 
if we wish to effect refrigeration with the least admissible ex- . 
penditure of power. In other words, we must aim at keeping the 
thing from which heat is to Be taken get a temperature that is no 
colder than it is necessary for it tu be, and we must aim at ' 
discharging at as low a level of temperature as may be the heat 
which is to be rejected, in other words, we must aim at discharging 
it into something which is as cold as we can permit it to be. We 
must pump the heat up through no bigger an interval of tempera- 
ture than is really necessary in order to get theffiighest co-efficient 
of performance, so u that r we may obtain the largest amount of 
cooling effect from a.gjven quantity of work. 


Co-emeient or Ferrormance or an ideally perrect 

Refrigerating Machine. 

, < « 

The co-efficient of performance of an ideally perfect refrigerating 
machine is readily found when we recognise that the operation of 
such a machine is precisely the reverse of thd operation <5f a perfect « 
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heat-engine. In a heat-engine (E, # Fig 4 *f) you have the heat 
coming in from some source of heat at a high {emperatufe T* 
and going out to some cold body at a lower temperature *nd 
in its fall from the high temperature to the low it does a certaih 
amount of mechanical work W. Thp heat Q ^ which goes out, is 
less flian the heat Q lf which cftmes in, the amount W which the 
engine converts into work. Jn the refrigerating machine (R, Fig. 2), 
the heat comes in at a low terpperature, and goes out at a higher 



temperature, and in order to # raaka it rise from the lower to the 
higher level of temperature ib needs to have worit ■spent upon it. 
In the case of the heat-engine, it is a familiar principle of thermo- 
dynamics that ^hen the greatest possible amount of heat is beiag 
converted into wprk the rath* of Q x ,*the heat which goes in, to Q 2 , 
the heat which goes out, will be the same as the ratio erf the 
absolute # tempei^tuje T u at which the heat pomeB in, to the 
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absolute temperature* at.which the beat goes out. « For brevity 
you Vill understand the word temperature* in this connection tc 
moan the absolute temperature, that is to say, the temperature 
Expressed on the Fahrenheit scale plus the number 460, or, if you 
prefer to use the Centigrade^, scale, the temperature on that scale 
plus 273. In a perfect netft-engine, which means an engine with 
the most ideally efficient means of converting heat into work, we 
have , 

Qi _ Qi 

<friv . 

and hence W , the work done, which is equal to Q x — Q a is such 
that ' c 

W W _ r L -i\ 

• yr . T t or 'Qr t, • 

This is the largest amount of work thAt cqnepossibly b‘e got by 
allowing heat to pass through a heat-engine from temperature T x 
to temperature T. 2 . Now turn to the refrigerating machine. The 
same quantity of work, which was the largest quantity that could 
be .got out of the heat "while the heat was flowing down, is the 
smallest quantity which will suffice to pump it up. The ideally 
perfect heat-engine is (in the thermodynamic sense)* a strictly 
r reversible machine, and the work W, whiqli was the work the heat 
produced when it was used as a heat-engine, is the amount of 
work which will just suffice .to bring the heat through it backwards 
when we turn it into a refrigerating machine. This may be made 
plain by Jhe use of a simple argument. Suppose we have (as in 
Fig. 3) a heat-engine E, and also a Keat-pump or refrigerating 
giachfiie R, both working between a cold body and a hot body, 
Assume that the heat-engine E is as efficient as is ideally possible. 
It takes in a*/]uantity of heat Qj , converts a portion of* it into 
work W, and rejects ( the remainder as heat. Now imagine 
that thitt work W is applied to drive the refrigerating machine 
without any loss of power in the conncQtion between the tyvo. If 
it wefe conceivable that* the refrigerating machine R were more 
efficient than n ’reversed heat-engine, the work spent upon it, W, 
wbuld extract torn the cold body a larger quantity of heat than 
Q,< and would reject to the hot body a larger quantity than 
Hence, on the whole, the cold body *wbuld lose beat, and the hot 
body *vvould gain heat without expenditure of work from outside. 
The two machines, *taken together, would fofm an entirely self- 
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acting agerrcy, for the one produces just^encyigh power to privet 
the other: and yet tlte result would be a continuous pumping up 
of heat from the place where the temperature is to th'e pTaqp 
where the temperature has the higher value T v That result 
is contrary to all experience % and ^oi^d be a violation of the 
second law of thermodynamics. *We cannot have heat flow 
automatically up hill, that to say from a colder to a hotter body. 
If can only be forced to flow ifp hill by the expenditure of energy. 
Here, tlien, we have a reductio ad absurdum which comes from 
imagining it to be possible that the refrigerating machine could 
be more efficient than a reveffced heat-engine of the “ perfect ” or 
ideally efficient class’ and hence that idea mjfst be abandoned. 



The conclusion* is that a reversible heat-dhgine when reversed 
is the most efficient possible form of heaVpuitfp. In oftier ^ords, 
tlfat the largest quantity # of* work^whicji can be got out «of a 
perfect heat-engine is the smallest quantity of wmk which will 
suffice to force heat through tfie eilgine in the opposite direction 
from the cold body up to the hot body, the amount of heat that jp 
transferred being in both cas^s.the s*yne. 
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Reversibility essential to Perfection. 

. Reversibility, in the thermodynamic sense, is essential to 
perfection in the refrigerating machine, just as it is in the heat- 
engine. The full amount *>f refrigerating effect, for a ^iven 
expenditure of work, is obtained only when this criterion is satisfied. 
Further, to obtain the fullest effect the substance which serves 
as medium by which the heat is conveyed through the systefn 
should take in no heat except when it is already at tUe lowest 
level of temperature, and give out none* except when it is already 
at the highest level of temperature. The actions which go on 
within the machine ^will be reversible only when there is no 
unresisted expansion on the part* of gas or vapour or any other 
working substance. Any passage of gas or of liquid through a 
throttle valve is an essentially irreversible action, and is, therefore, • 
inconsistent with the highest efficiency. Any flow of heat by 
conduction or radiation between bodies at different temperatures 
is also an irreversible. action. In the ideal reversible cooling 
machine, just as in the ideal reversible heat-engine, we should 
have neither unresisted expansion nor flow of heat by contact at 
any point between a warm and a colder body. In practice we 
cannot hope to do more than approximate to the ideal of re- 
versibility, but it is easy to imagine a 'series of operations in 
which everything is strictly reversible,* and in which also the 
condition is satisfied that all* the heat, which is taken in shall b*e 
taken in«at the lowest level of temperature, and that all the heat * 
which is given out shall bo given out at the highest level of 
temperature. Students of thermodynamics are familiar with the 
cycle of operations which was first described by the French 
philosopher, Sadi Carnot. This is a strictly reversible Cycle for 
the conversion of heat into work, and we have only to imagine it 
reversed in order .to have, in imagination*, an ideally perfect 
refrigerating machine. You will of tourse understand that tjjLC 
words " perfection ” and “ perfect ” are used here merely with 
reference to thermodynamic efficiency, and it is scarcely necessary 
to point out tffiat there are many other things besides thermo- 
dynamic efficiency to be taken into account when we pome to 
•estimate the merit of an actual refrigerating machine from the 
practical point of view. It is not too much to say that a 
theoretically “ nferfcct ” machine would hav« nractical disabilities 
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that would* in effect male it useless. * Lx » tut? successful rea? 
machine some part of the possible thermodynamic efficiency is 
sacrificed' to secure other valuable qualities, such as speed tf 
working and compactness. But though a better all-round machine 
is obtained in this way, it is neverthellssftiseful to bear in mind the 
ideal limit which the efficiency migtft attain if the machine were 
thermodynamically perfect, and te recognise in what respects the 
real machine's operation deparls from this ideal. A comparison of 
the two may be suggestive of improvement, for it may be possible 
to approach in some respects nearer the ideal condition without 
giving up points of practical convenience. 


Carnot's ^Cycle Reversed. 

*• 8 . * 

Consider then the ideal engine of Carnot, reversed to form an 
ideal cooling machine. 

Imagine a cylinder and piston (Fig. 4), made of non-conducting 
material, except that the bottom of the cylinder is a conductor. 
Suppose further that we may fit to the bottonf of the cylinder 
either the. cold body C, from which heat is to be extracted, or a 
warmer body, A, to which heat may be rejected, or a non-conduct- * 
ing cover, B. At the beginning of the process we have in the 



bottom of the cylinder a quantity of a substance whifih we wilj 
for simplicity assume to be a liquid, and this liquid is at the san^e 
temperature Tj as the warm .body The first operation is to 
apply the non-conducting cover B, and allow the piston to .rise. 
As it rises the liquid begins to evaporate, and frs pressure and 
temperature both fall Let this go on until £he temperature of 
the substance, which TS now^a mixture of liquid and *vapoqr, has 
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fallen to the* lower «levBl of temperature, 1\. On the indicator 
diagram which ‘is sketched above the cylinder in Fig. 4 this part 
of the process corresponds to the line 4 1. This action has gone on 
without any introduction of heat from outside — in other words, it 
is what is called in therityxfynamias an adiabatic action. JText, 
let the non-conducting cover be removed and the cold body be put 
in contact with the bottom of the cylinder, the contents of which 
are already at the temperature 1\ of the cold body, ancj let the 
piston continue to rise. Thi* substance goes on evaporating under 
the constant pressure corresponding to the temperature T 2} taking 
in heat from C. This part of the process goes on at constant 
temperature and for tl^at reason is called isothermal. It is shown by 
the line 1 2, which indicates the change from a state in which there 
is very little vapour and much liquid Jdo a state where much of the 
substance has been vaporised. We migfrt continue this process 
until *all the liquid has turned into vapour, but it is more convenient 
to suppose it stopped while there is still some liquid present in the* 
mixture. When the stage 2 has been reached let us replace the 
non-conducting gover after removing the cold body and begin to 
force the piston down. This compresses the substance adiaba- 
tically, and consequently causes its temperature to rise. * Through 
this process certain changes take place. iif the proportion of liquid 
and vapour. If we have a perfectly dry vapour at point 2, then it' 
will be superheated by tKe* compression, but if we have left g, 
sufficient mixture of liquid wi%h the vapour it will remain saturated 
during compression. In that case thq mixture* becomes drier as 
we fcqjnpress it — that is to say, the proportion of liquid to vapour 
Becomes reduced. This process is continued until, at the point 3* 
the .temperature has risen* to T L . The. simplest supposition to 
make is that $e have stopped the process 1 2 at such a point that 
when we compress %he mixture it takes the. condition of dry 
saturated wapour 'when, this process is completed at the point 3. 
Them apply the warm body A in place eff the non-conductiflg covwr 
and continue^ $he compression. iXiring this final process .the 
ijjipour is farther condensed, giving'out heat to A, and remaining 
at the temperature T x . The whole cycle of operations is com- 
pleted at point 4, when the working ^ubstance has been brought 
back to the condition in which we Supposed it \o be at the first. 
Observe that in all this process there is only one time when heat 
is taken in, viz.,^lfb stage 1 2, and only ont; time wh&i heat is 
being given out, viz., the stage 3 4. While the heat is being 
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taken in the working substance has already "been brought to, and o 
is continuously keptoat, the temperature of thq cold body T if 
similarly, all the while that heat is’ being given out the working 
substance is continuously at the temperature of the warm body, 
The conditions of reversibility, are satisfied. There is no 
contact between things at different temperatures. In the whole 
of the action there is nothing of the nature of unresisted ex- 
pansion. There is no passing ^through a throttle valve, nothing to 
interfere® with reversibility either as regards the mechanics of the 
process, or as regards the' transfer of heat. If we could make a 
refrigerating machine act in this way it would be an ideally 
perfect machine, from the thermodynamic point of view, and its 
co-efficient of performance would have the ideally highest value. 



In Fig. 5 we have an example of this same Carnot cyclC/but} 
with air as the working substance instead of liquid and vapour. 
The form of the indicator diagram is very different/but the four 
processes which make up the cycle are the s^me as before, namely 
two isothermal add, two adiabatic, and the ^co-efficient \>f per- 
formance depending, as ij docs, only on* the temperatures, has 

tfie same value. 

* 

Value of the Ideal Co-eflScient of Performance. 

We have seen by *comparison with the performance of a perfect 
heat-engine, that fn this ideal limiting case ^ ^ • w ^ ere ft “ the 

heat rejected into the warm body A, at the absolute temperature 
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JT U and $3 is the heaf taken from the cold body C at fhe absolute 

temperature P 3 . Hence But Qi — Q* is W, 

fhe amount of work spent on driving the machine. Consequently 
the co-efficient of performance, which is the ratio of the heat taken 

(> t b t tp 

in to the work done, or -p , i3 in this ideal case equal to p ~ p • 

It follows that in a perfect reVrigprating machine the perform- 
ance would be entirely dependent on the two temperatures, and 
would be the same whatever working substance was used in the 


cylinder. This ideal co-efficient, — - rp - , i^a number much greater 

than unity in most cases. So long as the range of temperature, 
T \ — T 2) is not very gueat, the number which we get by dividing 
r l\ by T l — To will be large. In the Tahiti a series of numbers are 

• * T , 

given which show the values of this expression ™ — - , p for various 

ii —• i 2 

assumed temperatures, which are stated however not as absolute 
temperatures but on thb usual Fahrenheit scale. These are the 
ideally highest coefficients of performance which can be reached in 
any process of refrigeration, T 2 being the temperature of the place 
from which heat is being taken, and 2Y the temperature at which 
heat is being rejected. 


Co efficients of Performance of a rerfect Kefngeratmg Macmm . 

. % * • 


• 

Lower Limit of 
* temperature 
in Deg. Fah. 

Upper Limit of TeAperature in Deg. Fah. 

50 ° 

t>0° 

70° 

80 ° 

90 ° 

100 ° 

• 

— 10 " 

7‘5 

6H 

5-6 

5*0 

45 

• 

4*1 


#■2 

* 7*7 

6*6 

5-8 

5*1 

4(5 

. iff 

11-7 

* 9-4 

7*8 

67 * 

5-9 

5-2 

f 6*0 * 

12*0 

9-6 

8*0 

6*8 

6*0 

. 30 ° 

24-5 

16-3 

12*2 * 

9-8 

8*2 

• 7*0 

40 ° 

• • 

50*0 * 

25-0 

r 

16*7 

12 T > 

10-0 

8*3 

V 


• For example, suppose you were refrigerating from a tempera- 
ture of 20° Fahr., and rejecting h#at at 60°^Fahr., the ideal 
refrigerating machine would have a co-efficient of performance 
of 12, that is Jo say, you could get 12 times as much heat' 
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extracted from the cold body as you applied to the machine in the, 
form of work, whereas, if you were pumping up the heat to the 
higher level of 100° Fahr., and extracting it from the lowsr level 
of -10° Fahr., then the amount of heat extracted could not 
exceed 41 times the amount of wprk done. Taking thfc per- 
pendicular columns, it is seen how th^ best refrigerating effect 
obtainable from a given amount of work depends on the tem- 
perature of the thing from which the heat is being absorbed. 
Taking the numbers horizontally, it is seen how the same. quantity 
depends on the temperature of the condensing water, that is to 
say, on the temperature to which you are obliged to raise the 
heat in order to geu rid of it. 

These numbers will serve not only fb show the limiting 
efficiency, which any real refrigerating machine necessarily falls 
much short of, but als* to ’illustrate the great advantage* that 
accrues in the process of refrigeration from keeping the range. of 
temperature as narrow as possible, by taking in the heat at as 
high a level of temperature as is permissible and not raising it to 
any higher level than is really necessary before it is rejected. . 

Another way of stating the ideal limit of best performance in 
the process of refrigeration is to give the number of thermal 
units capable of being extracted for each horse-power-hour of 
jvork spent. To find this we have only to multiply the co-efficient 
of performance by 2545. For one horse-power hour represents 
$3000 x 60 foot-lbs. of work, and taking Joule’s equivalent to be 

v u V HO 

778, the corresponding quantity of heat is - — ^ — - ^or 2545 

77o 

British thermal units. 

Entropy Diagram. 

Instead of using the indicator diagram to exhibit any such 
cycle we shall sometimes find it of very great service to use what 
is called the entropy diagram. In the entropy diagrani, as in the 
indicator diagram, quantities of heat and^work are represented by 
areas, but one of the co-ordiftates of the entropy „djagram is the 
absolute temperature, and consequently the other co-ordinate, thj? 
entropy, is a quantity of the dimensions of heat divided by tempera- 
ture. We may define 0 sufficiently for our present purposes this word 
11 entropy ” in the®following Why. if a substance takes in or gives 
out heat at any temperature, while changing its state in a reversible 
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i manner, the quantity of heat taken in pr given out, divided by the 
absolute temperature at which it is taken in* or given out, measures 
the amount by which the substance changes its entropy. It may 
te added that we are only concerned with changes of entropy, 
reckoned from some convenient state of the substance under con- 
sideration and that- we have^no need to attempt any reckoning of 
the absolute entropy of the substance* It is a convenient practice 
to reckon the entropy as zero when the substance is in the st^Ptc 
of a liquid, and at the temperature 32° Fahr. or 0° Cent. The 
reckoning is also made per unit of mass 1 of the substance. 



Let us consider the changes of entropy that occur when a 

jiqtfiA is first heated from some lower temperature up to the 

boiling point and then passes from the liquid into the gaseous 

state. In th a/ case the substance gains entropy in two stages. In 

the first stage the temperature is rising while heat is being 

taken in ; consequently the process is represented on the entropy- 

temperature diagram by a line that slopes upwards, such -as ab ip 

the figure. In the second stage the temperature is constant v and 

accordingly the line is a horizontal one {bc\ drawn at a level 

corresponding to the absolute temperature T at which the change 

of state occurs, and its length, which measures the gain in entropy, is 

L r , 

•j , , where L is the “ latent heat.” For L is the heat taken in during 

this stage, and T* i? the absolute temperature at which it is taken 
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in, and consequently btf ou» definition the entropy hag changed by# 

L • • 

the amount Notice further that the area under the Jine^&c, 

namely the rectangle nbcp, measures the heat taken in, for that 


area is the length be into the hei$ht| or T , which is L. 

Similarly it may easily be sfcown that the area under the sloping 
lii*e cib measures the heat take$ in during the earlier stage, when 
the liquid* was getting warmed up to the boiling point. (See 
Appendix A.) 

Again, if a substance expands adiabatically, so that no heat is 
taken in or given out* thbre will by the definition be no change of 
entropy, though the temperature falls. Con&quontly this process 
would be represented in the diagram by a yertical straight line, 
# coming downwards. Similarly a vertical straight line going 
upwaffls represents a process of adiabatic compression. 



G9 back now to the Camot.cycle and Consider how it wilf be 
represented on the entropy diagrsyn. The four sthgqs of the 
Carnot cycle consist of two adiabatic stages, and two isothermal* 
stages. Each isothermal 'process, being performed at constant* 
temperature, will give a hori£<*fltal straight line. Each adiabatic 
process will, as we have just seen, give a vertical straight line. 
^The diagram for the £arnot cycle will therefore# consist of two 

E. R. 
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vertical lines and .two horizontal line3 (Fig. 7), and* this will he 
the form of diagram whatever be the substance that is taken 
^through the Carnot cycle. The lettering in this diagram corre- 
sponds, for the various stages, to that used in the indicator diagram 
given before. The indies toi diagrams are very different in Figs. 4 
and 5, but the entropy diagram of Fig. 7 applies equally to both. 
Wo shall have occasion to make considerable use of entropy 
temperature diagrams later when ve discuss the action of varibus 
substances in refrigerating machines. 


Refrigerating Machines with Separated Organs. 

In this imaginary cycle we have supposed the whole of the 
action to be going on within a single vessel. The cylinder serves 
not only for the expansion and compression of the substance, but 
also as condenser and evaporator. In actual refrigeration it would 
be impracticable to have all the different parts of -the process 
performed in a single vessel. The imaginary engine of Fig. 8 
resembles those primitively simple living things in which a single 
organ serves all the purposes of stomach, heart and brain. As 
you ascend in the scale of life you find more and more complexity, 
separate organs being evolved to discharge separate functions. 
From the primitive Camot engine with its single organ we may 
proceed to imagine a more practicable refrigerating machine in 
which each of the four stages of +he process has an organ to 
itself. Suppose there is, as in Fig. 8, a separate cylinder for 
compression, and another for expansion, a separate vessel C in 
which the substance is taking up heat, and another A, in which, it 
is giving opt heat. You may conceive of C as a tank containing 
brine which is to be kept cold, and A as a condenser in which 
the heat given out by the working vapour as it condenses is 
absorbed by circulating water. The condensed vapour passes 
from A into the expansion cylinder, and is adiabatically expanded 
there until the temperature falls to that of C. It is then dis- 
charged into C, and is further vaporised, thus taking up heat from 
the brine ; it then passes on to the compression cylinder, is 
adiabatically compressed until its temperature rises to that of A, 
and is then delivered to A, being icothermally compressed while it 
condenses there. Thus a cycle identical with that of Fig. 3 
might be gone through with the engine o? Fig. 8, in ether words 
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we might have a theoretically perfect* refrigerating process with 
separate cylinders for Compression and for expansion, and separate 
vessels for evaporation and for condensation. 



In practice, however, the refrigerating machine as it exists 
does not have all thesQ organs. When we.are (Jealing wi^h liquid 
and vapour, the universal practice at the present time is to oTnit 
one of the organs, namely, the .expansion Cylinder, and in conse- 
quence of that we have an action wtych is not identical ^vith the 
Carnot action, but is thermodynamically a less perfect action. 
The condensed vapour is allowed simply to stream through a 
throttle valve fron^ the condV^er t<* the refrigerator, without 
doing work on the way in an expansion cylinder. The reason fbr 
this is thai^ we get a simpler machine without* very much loss 

• 2 — 2 
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of thermodynamic efficiency, by omitting to save the»work done in 
expansion. We shall discuss this point ‘Vnore fully in a later 
.lecture, but I may say now that two things follow from. this modi- 
fication of the cycle. In the first place, the amount of work 
which has to be expended an the material in carrying it through 
the whole cycle becomes slightly greater because the work which 
would be recovered in the expansion cylinder is not recovered, 
and, in the second place, the amount of heat which is extracted 
from the cold body C becomes somewhat less, because the liquid 
is not made cold by expansion before it enters C, and consequently 
it carries with it a quantity of heat into the refrigerating 

chamber or tank, and so diminishes the amount of net or effective 
* 

refrigeration. 


Use of Regenerator. . 

The Carnot cycle, carried out in its entirety, which it never is 
in practice, is one means by which we might have a perfect 
refrigerating machine; and get the theoretically greatest amount 
of refrigeration from a given expenditure of work. But there is 
one other means by which we might, in theory, have a perfect 
refrigerating machine. Besides the Carnot cycle ther'e is one, and 
only one other possibility of getting thermodynamical perfection. 
It is by taking advantage of an old invention made in 1837 by a 
Scottish minister, the Rev ‘Robert Stirling. Students of thermo- 
dynamics are familiar witlf the Stirling hot-air engine, in which 
the working substance is made to pass alternately forwards 
ahd backwards through what is called a regenerator, a body 
packed with a quantity of wire gauze, or some other material 
capable of* taking up heat from the working substance when it 
passes through it in one direction, and then giving back that heat 
to the working substance when it passes thrpugh it in the other 
dirpetioh. In thfe CaPnot cycle the characteristic is that the 
change from high temperature to lotf temperature, and again fpm 
low temperature to high temperature, is performed in each case 
by adiabatic expansion or adiabatic compression. In the Stirling 
engine the corresponding changes are performed by passing the 
working substance through the regenerator, and the characteristic 
of that action is that the heht which io deposited by the 
substance in the regenerator is taken up again— in theory entirely, 
in practice partly — as it comes through it in the other direction. 
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By an action of this kind ifc is possible to thermQdynamiyally • 
the equivalent of the* Carnot cycle, although the operation is in 
this respect different. The indicator diagram given by a £as f in 
passing through a perfect cycle in which a regenerator is used in 



Pig. 10. 
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tthe lines 4 ; and 2.3 show gas passing through the -regenerator, 
giving up heat to it when passing in one di&ction, and recovering 
thAt hbat when passing in the other. If all the heat deposited in 
the regenerator were picked up again, and if the cycle were in 
other respects reversible^ it* would # be as efficient as the Qarnot 
cycle. In practice, however a regenerator cannot be made to 
store and restore heat without, loss. • 

In one of the earliest of practical refrigerating machines* a 
regenerator was actually used. Kirk’s air machine, which will be 
mentioned more particularly in my next lecture, is interesting as 
embodying an endeavour to approximate to the ideal performance 
not on the lines of the cycle of Carnot, but* on those of Stirling, 
using a regenerator. 


The Areas in the Entropy Diagram. 

The entropy diagram has this great merit, that it shows at a 
glance, not only the 4 work which is being exjjended on this 
substance in taking it through the cycle, but also the amount of 
heat that is taken up at one part, and the amount that is given 
out at another. In the Carnot cycle. (Fig. 7), and again in the 
Stirling cycle (Fig. 10), we have not only the area of the 
figure 1, 2, 3, 4 representing the amount of work that is expended 
on the substance, but the 1 area underneath, namely, the rectangle 
1 N represents the ‘amount of heat w^ich is taken out of the cold 
bod}’-, a»d the area 4 N in Fig. 7 or 4 P in Fig*. 10 represents the 
amount of heat which is rejected to the warmer body. Thus the 
diagram shows by three different areas the three quantities which 
we are concerned with, th6 quantities which I have expressed by 
the letters Q\, Q a , and IF, or Ql- Q 2 . 

Again, the entropy diagram shows plainly how important it is 
to make /be range* of temperature narrow, and especially to keep 
the bold body no colder than is necessary. In the entropy, diagram 
of Fig. 11, an area representing ope definite quantity of work is 
sketched , in' 1 three different conditions of temperature, always 
having the same upper level T l} but with three different values of 
\he lower temperature T 2 . In other words the diagram relates to 
three ideal cases of refrigeration ih» all of which the heat rejected 
by ’ohe cooling machine is thrown off at the same level of tempera- 
ture, namely 2V, but the temperature of thq cold body, from which 
h$at is to ,be abstracted, is comparatively hjgh in’ case (a), lower in * 
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case (b) and lowest of all ini case (c). In all tjiree cases the ^ime 
amount of work is supposed to be spent in driving the machine. 
The diagram shows well the great differences in refrigeratingfeff<?ct, # 

T 

ya) 

yv 

Vo) 


Entropy D 

«g. 31. 

due to differences in the cold temperature. The amount of re- 
frigeration which the same amount of work is theoretically capable 
of performing is shown by the rectangle C D in # the third case, 
by the larger rectangle B D in the second, and bj the very much 
larger rectangle A i) in the first. If we allow the level from 
which we pump up the heat to be low (as at c), we get only this 
very moderate amount ofVefrigeration C D. If we can allow -it to 
.be high, not very far from the temperature at which wc have to 
reject the heat (as at af, we get with* the same expenditure 
work the enormously larger, quantity *>f relrigeratiop represented 
by the rectangle A I). 

Importance of keeping the Rapge of Temperature 
as gmall as possible. 

The practical moral of this is plain. Hot only should the 
cooling water be as* cool as possible, ajid npt only should the 
working .substance be heated to no higher temperature abov<5 the 
level of the cooling water tlmrw is necessary to secure a sufficiently 
rapid discharge of heat, but, beside that, we should "a v^id having 
the lower limit any lower than can be helped. Suppose, foi* 
instance, that the problem is one of cold storage, and we ar£ 
using ammonia as our refrigerating irffedium ; if we allow the store 
to be kept cold by the direct evaporation of ammonia in pipes 
which arc»placed in the store, we shall in geneml be absorbing 
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> heat, at a higher terpperature than if we were first of all to apply 
the evaporation of ammonia to cool a taifk of brine, and then 
,rntfke 'the cold brine circulate through the store. In the second 
case, the communication of heat to the working substance is less 
direct, for there are two pteps to be passed. The heat has f to go 
from the air of the Store into the brine, and then from the brine 
into the ammonia, and in each of th$$e steps there must be some 
difference of temperature in order ‘that the heat may flow across 
the conducting surface which separates the one substance ^rom 
the other. In the other case there is orily one step, the air giving 
up its heat directly through the pipes, to the ammonia, and, 
consequently, the extent by which the ammonia needs to be lower, 
in temperature than the air of thp cold chamber may be expected 
to be less 1 * * . Anything that lessens this interval of temperature 
lessens the amount of work that must 'be spent in maintaining 
the refrigeration. I do not, of course, mean to suggest that there 
are not circumstances in which brine circulation is advantageous. 
There are many practical points to be 'considered besides this 
question of thermodynamic efficiency. 


Direct Application of Heat tp Produce Cold. 

I have still something to say about the production of cold by 
the application of heat instead of by the° application of mechanical 
power. There are certain types of refrigerating machines where 
there is*no visible application of mechanical power at all; where 
yoy fje simply giving heat to the machine from a high tempera- 
ture source, and the result of this is to pump heat up from a low 
temperature, to another temperature at which it is rejected. The 
ammonia abs&rption machine is a familiar practical example of this 
class. , There you Miave, three temperatures, to consider; the 
temperature T, at which* the high-temperathre heat is supplied, 
the Jow temperature T s of the cold b6dy from which th6 heat «is 
being extracted, and the intermediate temperature T lf at which 
heat is being rejected. Diagram matically we may represent the 

1 It is, however, possible to arrange matters so that the use of brine may 

actually reduce instead of increasing the 4 \aterval of terpperature. If brine is 
made to drip over the ammonia pipes, and air is blown past the dripping brine, the 

air may be brought nearer in temperature to the ammonia than it usually is in 

direct ammonia cirohl&ion. 
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matter in this way (Fig. 12). Any machine which directly applies* 
heat to produce cold, may be regarded as equivalent to a com- 
bination of motor, or heat-engine, and refrigerator, or heat-pump* 



Fig. 12. 


A quantity Q of high-temperaturc heat goes in^at one place,’ a 
quantity Q 2 of low-temperature heat is thereby caused to go in at 
another pl&ce, and there is an intermediate temperature T x at 
which heat is rejected. *The heat Q x which is rejected at* this 
.intermediate temperature is equal to the sum of Q and Q 2 , for 
tfyere is no work done by the machine spent upon it, as a whole. 
An important practical question with Regard to such, a machine, is 
what is its ideally best performance. What is the ratib which 
exists in the most favourable possible circumstances between ^he 
high-temperature heat Q that goes in at one end, and the low 7 -* 
temperature heat Q 2 which is thereby extracted frnm the cold 
body at the other end ? If we imagine the machine to consist of 
a perfect heat-engine driving a perfect rgfrigA-ating machine, it is 
easy to calculate this ratio when the •three temperatures are 
assigned.* The quantity oflieat Q supplied at temperature T^and 
working between that tempenfture and T u is capable of doing an 
amount of work W such that 

w Q(T-r x ) 

~V T • * 

Then this work IF, applied to drive a perfect refrigerating 
.machine wihich work^ between the temperatures T % and T lt is 
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icapa]ple of absorbing fnom the cold bedy an amount of heat 
such that • 


_ Q%(T i — T o) 

rn 
1 2 


T 

since jpr 2 T is the co-jefffeient *)f performance. llenc* the 

1 i~ 1 * * 

greatest refrigerating effect winch sueh a combination of perfect 
heat-engine and perfect refrigerati/ig machine could produce «is 
given by the equation 

n jQT 2 (T-T>) 

t2 • 


But the question arises, is there any* imaginable way of 
applying the heat Q so as to produce a greater refrigerating effect 
than this, the temperatures remaining as before ? The answer is 
no. The combination of a reversible heatf-engirce with a I'evepible * 
heat'pump affords a means of utilising heat for the production of 
cold, which cannot be surpassed in efficiency by any other imagin- 
able contrivance. To prove this it is only necessary to apply the 
method of argument already used, and to think of the combination 
as reversed, delivering heat Q to the body at T, and also delivering 
heat Q, to the body at T». Then, if apy other contrivance could 
be more efficient, it would, using the same high -temperature heat 
Q , remove more heat than Q. 2 from the cold body. Hence, if botli 
machines were working together, on the whole the cold body 
would lose heat, while, on the whole, the hot body would lose none. 
In othe* words, we should then have the impossible result that 
heat^ would, without expenditure of work from outside and by an 
Agency that is purely self-acting, pass from the cold body at to 
the warmer ,body at T 1} thfc intermediate temperature. The con- 
clusion is tliAt no type of rpfrigerator using heat directly as the 
agent, such, for instance, as an absorption machine, can give a 
higher ratio of Q, to Q than is expressed by the above equation. 
In point of fact, no absorption machine gives nearly se good w a 
return for its heat as f his, for the absorption machine has an action 
that is not by any means reversible, and, moreover, it rejects heat 
at temperatures higher than the temperature of the circulating 
water. Any heat rejected at a temperature higher than 2\ implies 
a sacrifice of efficiency. 

The entropy diagram may be used to illustrate the most 
effective means 1 of applying heat to produce refrigejulion. In , 
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Fig. 13 the rectangle RO indrawn to reprtseqt the high-tempera- 1 
ture heat which is sujlplied, and the rectangle RT l shows the work 



which would be done by a»perfect heat-engine receiving heat at T 
and rejecting heat at r l \ . Let be the temperature of the cold 
body from which heat is tv be extracted. Draw a rectangle Q2\, 
equal in area to R7\. Th^n the rectangle *T 2 N measures the 
amount of refrigeration which can, under ideally favourable 
conditions, be effected by the heat RO. When T is high, and 2\ 
not much lower than is clear that the supply of heat RO 

may be much less than # the refrigerating effect 'J\N. Ideally, 
therefore* a given quantity of heat in coming down to the 
intermediate temperature from the high temperature may cause 
much more than an equal quantity of hqat to, be pumped up to 
the intermediate temperature from the low temperature. * In 
practipe, however, absorption machines pump up less heat than 
they take in, because they full piuch short of tbe # ideal in 
efficiency. 

A mechanical analogy, which is indicated in Fig. 14, may help* 
to make the ideal process plan*.' Her^ a quantity of water, if, is 
supplied at a high level, H, and does work in coming down tft a 
lower level H x . This*work is annlied to raise ^another quantity 
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*of waiter, M is from a still lower level, # 2J up to H x . • The water 
that has come down from the higher levef, doing work, as well 
as the water that has been raised from the low level, is allowed 



to flow awayr at the level, The quantities are connected by 
the equation v< 

Coriiparing this with the equation given above, which may be 
written 0 

^(7 , -r i >=^(2',-7’ 3 ), 

'we see that if temperature be taken as the analogue of level, the 
thing which is the analogue of quantity of water is not simply heat, 
but heat divided by the temperature at which it is supplied : in 
other words, entropy. 
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The Refrigerating Machine as a lAea&s of Warming. 

An interesting fact is to be noted before we leave the coifsid5ra- # 
tion of Fig. 12. The combination of heat-engine and heat-pump 
imagined there has the effect qf dclivfcrieg to the middle region at 
T l a quantity of heat Qj equal to Q*f It is clear that Qj is 
necessarily greater than Q tfnd may be very much greater. Now, 
suppose the space at T l is a foom which is to be kept somewhat 
warmer than the outer atmosphere, and that the temperature out- 
side is T 3 . A comparatively small quantity of high -temperature 
heat, Q , applied in this >vay, will serve to deliver to the room a very 
much greater quantity of low-temperature hc^it. This was pointed 
out as early as 1852 by Lord .Kelvin 1 , who showed that in the 
warming of rooms it would be in theory mu&h more economical to 
appty thfc heat gotdVom burning coal in this way, than by directly 
discharging it into the room that is to be warmed. The value "of 
high-temperature heat is in great measure wasted if we allow it to 
enter a comparatively cold substance. Thg way to utilise it to the 
best advantage would be to drive a heat-engine, and let that 'in 
turn work a heat-pump, which would'lift a much larger quantity of 
heat from the surrounding.level of temperature through the small 
range that is required. {To use a coal fire in warming a room is, 
from the thermodynamic point of view, a piece of prodigality, and 
it would still be prodigal even if we did not, as we do, allow most 
of the heat to escape by the chimney. It *is at least of some 
theoretical intereift to recognize that even the most economical of 
the ordinary modes of heating buildings, with all their practical 
advantages in respect of simplicity and absence of mechanism* are* 
in the thermodynamic sepse spendthrift modes of using fuel. 

1 Proc. Phil. Soc . of Glasgow, vol. iii. p, 209, or Collected Papers , vol. i. p. 515. 



LECTURE II. 

Classification of Refrigerating Machines generally. 


In the first lecture I dealt with the process of refrigeration from 
the point of view of abstract thermodynamics. We have now to 
consider the development of actual refrigerating machines. ( We ' 
may- classify such machines by reference to the particular working 
substance 1 they employ. A broad distinction may be drawn between 
machines which use air, as their working substance, and those which 
use a liquid, which is alternately vaporised and liquefied during the 
cycle of operations. Generally speaking, in this second class of 
machines the liquid which is used is one whose vapour pressure 
is higher than the pressure of the atmosphere, under the actual 
conditions of temperature at which tin*, machine works. If we 
take, for instance, ammonia or carbonic acid as the liquid which 
is alternately liqmfiied and vaporised, wo find that under tlie 
conditions of temperature within which such machines work, 
the pressure of the vapour is higher than the atmospheric 
‘pressure. But it is quite, possible to use a liquid which can only 
be vaporised by submitting it to a lower pressure than that of the 
atmosphere under the given conditions as to temperature/ Water 
is an instance in point. At the temperatures at which refrigerating 
machines, work water can only be vaporised by subjecting it to a 
mudn lower pressure than that of the atmosphere. Consequently, 
when water is the working substance, as it is in certain machines, 
the whole action is taking place in what is relatively speaking a 
'vacuum. It has to take place in chambers which are maintained 
‘•fct a pressure much below the pressure of the- atmosphere, and con- 
sequently machines using water as' their working substance are 
frequently spoken of, for this reason, as “vacuum” machines. This 
name is applied* a$ a general title to machiiy'S in which the vapour 
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pressure is considerably less J;han the atmospheric pressure through 
out the cycle. 

Further, when a vaporised liquid is used for working suhstaftcc 
we may either adopt simply mechanical compression as the means 
of restoring the vapour to the liquid state, or we may adopt in 
place of mechanical compression a qhertiical action between the 
vapour and some other substance \yhich has an affinity for it. This 
alfernative gives rise to the grouping of machines under the title 
of “compression” machines on the one hand or “absorption” 
machines on the other. We classify as absorption machines those 
in which a quasi-chemical action or species of solution goes on as 
a substitute for the* mechanical compression used in the other 
vapour machines. In absorption machines there is usually a 
direct application of heat instead of mechanical power, and this 
• forms another distipetion 'between such machines and those of the 
compression type. . • 

Then we may classify machines of the vapour-compression type 
according to the particular vapour which they employ, as ammonia, 
carbonic acid, sulphurous acid, or ether machines. * 

We may also divide air-machines into two group?, in one of which 
the same volume of air is made to pass again and again through a 
cycle of operations without leaving the machine. In this group of 
machines the air is confined in vessels which allow it to be used 
throughout its working cycle of operations at a pressure higher 
than that of the atmosphere. Such # machin«s are called closed 
cycle machines to distinguish them from the ordinary refrigerating 
machines employing air, in which the air is discharged from the 
machine at atmospheric pressure, and air is taken back again to flie • 
machine at atmospheric pressure. 


Development «of Air Machines: Historical Sketch. 

* • • • 

9 Vapour compression machines — that is machines which employ 

compression to liquefy a vapouu and make use of its alternate con- 
densation and re-evaporation, under 4;wo pressures and therefore at 
two temperatures — form now-a-days by far the most important* 
class of refrigerating'machines. We shall discuss them later;* 
but first I have t<» speak of tnachinSs which employ air as the 
working substance. Such machines filled an important placd in 
# the historj* of the detelopment of mechanical refrigeration, and 
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they are still doing useful work; though the more .efficient and 
more compact machines of the vapour compression type, using 
airimohia or carbonic acid, have now to a great extent driven them 
out of the field. 

The first form of air-rpfrige rating machine of which there, is any 
notice was one invented by Dr Gorrie at New Orleans about 1845. 
The earliest published account of it which I have been able to find 
dates from 1849. It was patented <about that time in England, and 
a machine was constructed with the intention of using it to make 
ice. Sir William Siemens was asked to examine this machine pro- 
fessionally because it had failed to do what was expected of it, and 
in 1857 he wrote a report in which he criticised the machine point 
by point, indicating the various reasons why its duty was less than 
had been anticipated’, and showing what were the several respects 
in which it might be improved. This report vras afterwards pub- 1 
lished in the Proceedings of the Civil Engineers as a contribution 
to a discussion on refrigerating machinery 1 . l)r Gorrie’s machine 
had a compression cylinder in which the air was compressed, and 
from which it passed into a chamber which was kept cool by sur- 
rounding water. This chamber or receiver was maintained at a 
pressure of about 15 lbs. per square inch above the 'pressure of 
the .atmosphere. The air was partly pooled during compression 
by the injection of water, so that what passed on to the receiver 
was really air and water -together. The air was further cooled in 
the receiver by the application of cold water outside, and then it 
passed on to another cylinder, in which it was allowed to expand 
down to something like atmospheric pressure. While it was ex- 
- panding it was mixed with a certain quantity of brine which was 
injected info the expansion cylinder. By being expanded the air 
became mudh cooled and its low temperature was communicated 
by direct contact to the brine which was mixed with it in the 
expansion cylinder The air leaving the expansion cylinder was 
allowed to escape to the atmosphere, 'while the brine, which had 
been cooled to about 20° Fahr., was conveyed into a tank, and 
was usefully applied to ice-making or other refrigerating pur- 
w poses. 

* Siemens pointed out that by no means the whole of the cold 
which was produced in thih machine was usefully applied. The 
air was allowed to escape to the atmosphere at the low temperature 
1 Jl7m. Proc., Inst. C.E . , vol. lxviii./l8S2, p. 179. i 
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which it had .reached in expansion, and th£ only pirt*of the cold 
which could be said to*be usefully applied was that part whi<;h w/is 
communicated to the brine during the expansion of the air. One 
of Siemens’ suggestions was that the cold air, instead of being 
simplj allowed to escape to tfye atmosphere, should be made to 
give up its heat to the atmospheric % air which the engine was 
taking in for its next stroke, hnd he proposed what became known 
as Tan interchanger for this purpose. According to this proposal, 
the cold aif before being liberated should pass through a series of 
pipes, outside of which should pass the air which was coming to 
the compression cylinder^ from the atmosphere ; in this way most 
of the cold would b§ saved which was being allowed to go to 
waste through the direct dischfygo of the chilled air into the 
atmosphere. This interchanger of Siemens is T»he earliest example 
«we haveV>f what may be called the regenerative principle as 
applied to refrigerating machines. If we had time to go into the 
history of the subject in detail, we should find substantially the 
same idea cropping up at various dates, gnd being applied in 
various ways. We find it in ammonia absorption machines, and 
we find it also taking a very practical’ form in tome of the latest 
development^ of the art of producing cold, which I shall have to 
refer to in my last lecture. , 

# Another point to which* Siemens drew attention was this. 
In Dr Gorrie’s, machine there was placet} between the chamber 
containing the compressed air and tjie expftnsion cylinder a 
regulating valve, Which was only partially open, so that the air lost 
a good deal of its pressure asfit passed from the chamber into the 
expansion cylinder. Siemens pointed out that the introduction 
of this throttle valve was entirely wrong from th§ thermo- 
dynamic point of view, and that it resulted in much loss of 
refrigerating effect. When air passes through^ throttle valve it 
scarcely falls in temperature at all, but the # reduction of pressure 
puts it in a worse condition for being chilled by expansion in the 
cylinder, since there is now a smaller range of pressure through 
which it can expand. A third point which the report bf §iemens 
dealt with ^detail was the influence of the moisture contained in 
the air on the efficiency.of the apparatus. The whole report is a 
document of great interest to afly’studeat of the subject as being 
the Earliest criticism of a real refrigerating machine from the point 
okjifew of the mechanicjl theory of heat. 

** E. B. 


3 
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There w&s, however, a paper some> years earlier than this by 
Lord Kelvin, which ought to be referred to in any historical sketch 
a of the subject, however brief 1 . In 1852 the subject was engaging 
the attention of Kelvin, and also of another great founder of applied 
thermodynamics, Rankii^e. r, Kelvin describes, in language which 
is almost precise enough for,* patent specification, a machine sub- 
stantially the same as that which afterwards became a practical 
success in the hands of Coleman and other inventors. Indeed, 
Mr Coleman, in his description of his well-known machine, admits 
frankly that he owes the inspiration of it to Lord Kelvin. 


Kirk’fc Regenerative Air Machine. 

o 

But, before we pass on to see what fruit came from this important, 
paper, we have to deal with another type ofoair machine, which 
was reduced to practical form by Dr Alexander Kirk in the year 
1862. Kirk’s air machine was one in which a confined mass of air 
was passed through the cycle of operations at a pressure always 
considerably higher than the pressure of the atmosphere. It was, 
therefore, what 1 'have classified as a closed-cycle air machine. 
Students of heat-engine theory will recognise it as simply a Stirling 
air-engine working reversed; that is t,o say, working as a heat- 
pump, instead of working as a heat-engine. Kirk began by 
making a small model, a diagram of .which is given in Fig. 15. 
ABGD was a tin plate cylinder five inches in diameter, inside 
of whbh there was a peculiar double conical plunger, NON, 
which fitted only very loosely, and could be moved easily up or 
down , having a stroke of 1 \ inch. The part NN, which goes all round, 
was simply a non-conducting mass. In the middle at 0 there was 
a regenerator which consisted of a number of plates of metallic 
gauze, through which, when the plunger moved, the air would pass, 
alternately giving up heat as it passed in one direction, and taking 
the heat back as it passed in the other direction. When the 
plfinger was pushed down to its lowest point, there was scarcely'any 
space left below it for air, consequently the air had to pass up 
through the regenerator into the annular space above. The sub- 
stahee which was to be cooled was put into, the cup, E, and a non- 
conducting cover was fitted^over it. ^ A pipe, L,\ed fr° m the bottom 

1 Kelvin, “ On the economy of the heating or cooling of buildings by means of 
currents of air.” Proc. Glas. Phil. Soc ., Dec. 18S2; Collected Papers , vol. i. p. 515. 
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of the space, below the plunger, and communicated yirith a qpm- 
pressing syringe or an ^iir-pump without valves. When the piston 
of this syringe was pressed home it compressed the air in Ab'CI) 



to about double its original pressure, and # when it was drawh out 
again it allowed that air to expand, and recover its original pressure. 
Wffile the air was being compressed the plunger NON was put # up 
to the top, and the consequence^ was that* the •compressed 
air was*ompressed in the annular space underneath the 
plunger. A circulation of cold water was maintained in the 
conical chamber, F, so that the # ]iSat generated by compression was 
to a great extent taken up by this cold water. Then the plunger 
was made tp descend. »The air passed through # tte regenerator, 
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gave up its .heat to, it, * and came out. into the upper space com- 
paratively cool. Then, while the plungdr was still down, the 
pump-piston was made to move out, reducing the pressure of the 
whole contents. Consequently, the air in this space expanded and 
fell much below its original* temperature. Then the plungpr was 
made to move up, and u the cold air passed down through the 
regenerator, cooling it and taking up heat, after which the cycle was 
ready to be repeated. It is precisely a reversal of the cycle in the 
Stirling hot-air engine. With this small model, only '5 inches in 
diameter, worked by hand, Kirk was able to cool air so effectively 
that he could freeze mercury in the cup E. From the model he 
passed to devise machines which should apply the same principle on 
a comparatively large scale 1 . His immediate purpose was to construct 
a machine for the extraction of paraffin from paraffin oil, and he 
carried this out successfully at the Bathgate ^Paraffin Oil Works/ 
Similar machines, designed by Kirk, were employed also for ice 
making ; one of them worked for a number of years in an ice factory at 
Hong Kong. It is recorded of this machine that it produced 4 lbs. 
of ice per lb. of coal. Let us see what this corresponds to when 
we express it in tefms of what I have called the co-efficient of per- 
formance. We must make some assumption with regard to the 
number of pounds of coal which have* to be burnt in the steam- 
engine to produce each horse-power-hour of work. It will be 
reasonable to assume that the steam-sngine which was used to 
drive Kirk’s machine burnt between ,3 and lbs. per horse-power- 
hour. ‘In that case 4 lbs. of ice per lb. of Coal corresponds in 
r^qnd numbers to a co-efficient of performance equal to 1. In 
' other words, it would seem that when Kirk’s machine was employed 
on a fairly .large scale in ice-making it produced an amount of cold 
which was about equal to the thermal equivalent of the frork spent 
* upon t it. An ideally perfect machine working between about the 
same limits of temperature would have a co-efficient of performance 
of ]say 10, so we see that Kirk’s machine fell a long way short of 
the performance of an ideal machine. Nevertheless, this is 
probably the very best performance of any air machine of which we 
have a record. A machine working with air under comparatively 
high pressure with a closed cycle is under 1 better conditions with 

i- 1 

, 1 Kirk, “The Meohanical Production of Cold.” A/in. Proc . Inst. CJE. vol. 
xxxvii. p, 844. An appendix to this paper contains a useful bibliography relating 
to the early histofy 6 1 the mechanical production of 4old. « 
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regard to the co-efficient o$ performance than an open-cycle •air- 
machine is, and the regenerative principle which Kirk employed 
had the effect of making the machine come nearer to the condition . 
of thermodynamical perfection than is possible in the open cycle 
whichtis used in ordinary air m^chineft jHence 'this co-efficient of 
performance, although it is only something like one-tenth of the 
ideal co-efficient, is nevertheless a better performance than air 
machines of the more ordinary type ever reach. 

But wliy was it that Kirk’s machjne gave a performance «o 
small as this ? * Several reasons contributed to reduce it. In all 
air-machines there is at fundamental difficulty, very serious in 
practice, in getting heat into and out of the working substance 
within any reasonable space of time. In this respect air machines 
are at a great disadvantage when compared with machines which 
•vaporise liquid and condense vapour alternately. In the process of 
•vaporising the liquid, and recondensing the vapour, it is much 
easier to effect the transfer of heat than when we are conveying heat 
to or from a poor conductor like air. An air machine practically 
requires that the working substance should, when it is at the hot 
end of the cycle, be carried up to a much higher temperature 
than the cooling water to which heat is to be rejected, and again, 
when it is at the cold end*)f the cycle that it should be carried 
dtfwn to a much lower temperature than the temperature • 
of the body from which* heat is tc Tie extracted. In order 
that heat may flpw out of .the air ofl the one hand, and into 
the air on the other hand, at # anything like a reasonable pafie, it is 
necessary that the difference of temperature between the air gi^d 
the substance to which it is giving heat, or the substance from 
which it is taking heat, should be comparatively large. Then, 
further, another difficulty which existed in Kirk’s iflachine, and 
exists in all forms, of air machines, i^ th«ffc they are ]?ulky 
and that the loss of* effect through friotion in such machines 
is Relatively very large. We must bear in mind that in#all 
refrigerating machines whatever the frictional losses form an 
item o^nuch more importance* than might at first sight appear. 
For it is not simply that friction means the expenditure of power; 
but also that friction causes 9 development of heat within the 
machine itself, and that the herft so developed is for the most part 
taken up by the working substance. Friction not only increases 
$he work which has to Be spent in carrying the working substance 
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through the cycle, but 1 by communicating heat to the substance it 
diminishes the net or effective refrigeration which the machine 
produces. In any form of machine* the existence of friction within 
the machine not only wastes power, but since the working sub- 
stance has to take up th^ heat generated by friction it is lefb with 
less capacity for taking up heat usefully. 

Kirk’s machine is now obsolete, ‘‘and so indeed are all forms 
of closed-cycle air machines. Two other inventors’ names are 
associated with machines of this class — Allen, an American, and 
the German, Windhausen, who has been a pioneer *in several lines 
of invention relating to the mechanical production of cold, notably 
in relation to vapour-compression machines using carbonic acid. 


Open Cycle Air Machine's. 

We come now to the open-cycle air machines, a type which 
has had far more important application. This is the machine 
which was fore-shadowed by Lord Kelvin in 1852, and also by 
Professor Rankine* about the same time. It was first introduced 
practically as a means of refrigerating by Giffard in 1873, was 
afterwards modified by a number of inventors, mainly English, in 
whose hands it attained great practical success. Mr Coleman 
says his attention was /'drawn to the' subject in "1877 by Lord 
Kelvin, who had been consulted by Messrs Bell as to the best 
means f bf mechanically refrigerating ( meat during its transit over 

sea, and it was in consequence of this that he devised a form 
of refrigerating machine which afterwards became known as the 
Bell-Coleman Refrigerating Machine. r His type was essentially 
similar in general features to the machine of Giffard, 'which had 
been, invented ino 187j$, Almost immediately afterwards the 
subject was taken, up by Mr Lightfoot, who proceeded to develop 
a giffard machine, improving it in- its mechanical details, ( and 
introducing new- features. About the same time also air- 
refrigerators were made by Mr Haslam (now Sir Alfred Haslam), 
who at a later date took over the manufacture of the Bell-Coleman 
machine, and who has probably turned out a larger number of 
air machines than any other engineer. Mesars Hall, of Darbford. 
are other makers who have contributed to the extensive use of 
such machine*}. a 
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It was in the year 18^8 that the steamer Strath! even was 
fitted with a machine of this type and made an experimental 
voyage to Australia, bringing, home a Small quantity of froaen 
beef and mutton as part of her cargo. This experiment led to 
what Jias now become an enormous Jrade. 

The type of machine with wfiich ttiesel various inventors’ names 
are associated is in its mail* features substantially the same. It 
consists of two working cylinders, namely a compression cylinder 
and an expansion cylinder. The air is taken in by the compression 
cylinder from the room which is to be maintained at a fow 
temperature : it is then compressed and thereby warmed : it is 
then cooled by circuiting water while in the compressed state : it 
is then made very cold by expansion to atmospheric pressure, and 
is finally returned to the cold room from whiah it came. 

In the diagram (Fig. 16) the space, C, represents a room 
which you may imagine is to be kept at a temperature of some- 
thing like 18° Fahr. Air from it is taken in by the compression 



Fig. 16. 


cylinder, M. It is then compressed from.l to £ atmospheres or so, 
aqd is discharged into the vessel, A, where it is cooled by a circu- 
lation of cold water. In the diagram the aij* is represented as 
passj^p into a number of ptpes #which are kept* copl by the 
circulation of water outside, but in many cases the relationship i£ 
inverted, and the air passes outside the pipes, while the cold watef 
passes through them. The air was* heated in compression, but 
the circulating water brings it down to a temperature only 
• a little abfcve that of •the water itself. The temperature reached 
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in compression is generally somewhat high. In tests of such 
machines it is not uncommon to find a teYnperature of, Bay, 270° 
Fahr.« From that temperature the air is brought down to 
something like 00° by the cooling water, and then it passes, still 
under high pressure, into aji expansion cylinder, N. It is put off 
rather early in the stroke, $nd is allowed to expand until it falls 
to atmospheric pressure. It is^then discharged back into the cold 
room. In expanding from the pressure in A , of, say, 4 atmospheres 
or so, down to 1 atmosphere, at which it is discharged, *it becomes 
very much cooled, and reaches the cold room G, at a temperature 
of perhaps —80° or -100°, or, in some cases, even —120° Fahr. 
Thus the contents of the room are maintained cold by the removal 
of a small portion of its atmosphere by each stroke of the machine, 
and the restoration *of that at a temperature much lower than 
that of the chamber itself. The expanded, air requires { to be 4 
considerably lower in temperature than the cold room in older 
that a low temperature may be maintained, in view of the fact 
that heat is continually leaking in from outside by conduction 
through the walls of the room. 

Fig. 17 is Un ideal indicator diagram of the cycle through 
which the air is taken in such a machine. The action of the 



'compressing cylinder, M , is shown by the diagram A 1 2 B, and 
‘that of the expansion cylinder, N, by the diagram, B 3 4 A. The 
area, 1 2 3 4, measures the net amount of worjr that is expended. 
In this ideal diagram the compression and expansion are assumed 
to be adiabatic* $ud the volume of A, as* well as thft of C , is 
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assumed to be so great th$t during the delivery of the air # its 
pressure does not sensibly change. The theoretical co-efficient of 
performance in this cycle is much less than in the perfect c^cle*df 

T T 

Carnot. It may be expressed as rp ~ 4 T or — — rp , where the 

% 4 1 4 A a — 1 j 

suffixes are used to distinguish the Jenfperatures at the corres- 
ponding points, 12 34, of the diagrapi 1 . In practice the compression 
is hot adiabatic : by using a water jacket or by injecting cooling 
water intef the . cylinder the compression curve may rise l^ss 
steeply than the curve 1 2, which has the advantage of somewhat 
reducing the expenditure, of work. 


Practical Air Machines 'and their performance. 

A nutober of independent tests of such machines have been 
recorded, and from the data they furnish it appears that thfe 
co-efficient of performance ranges from something like i to J. 

I do not know of any authentic figures in which the co-efficient of 
performance is greater than and in every case it is somewhat 
greater than Why is it so low? In the first place you 
observe that the actual range of temperature through which the 
action goes on is very large compared with the range whicl\ an 
ideally perfect refrigerator would employ. A machine which, 
approached the ideal of perfection would take in its heat when 
the working substance was only a tijfle colder than the cold 
chamber, and reject its heat when the working substance w»s only 
a trifle warmer than the cooling water, whereas the actual ran^e 
of temperature, through which the working substance is carried in 
an air machine, may be from — 80° Fahr. up to 270° Fahr., when 
the chamber is at 20° Fahr., and the water at 60°#Fahr. The 
widening of the range in this way is of itself sufficient reason 
for a comparatively *lcpv co-efficient of performance. It is easy to 
show on theoretical grounds that such a machine could only ’be 
expected to have under the most favourable # conditions a co- 
efficieiri of about two, and from th%t you must disedunj various 
other rources of loss, such as friction, and the influence of 
moisture. 

The actual coTefficient of ‘performance in an air machine is 
much less than in a machine using a vaporisable substance such 
# 1 See Appendix B. 
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as {unmonify In partfthis is to be ascribed to the much greater 
waste of power in friction, but it is largefy due to the fact that 
with an air machine the only way of keeping the dimensions of 
the machine within reasonable bounds, is to chill by expansion 
each cubic foot of air that passes through it to a temperature 
very much below that of th/3 cold chamber, and again to heat the 
air by compression to a temperatifre much above that of the 
cooling water. The theoretical efficiency of the Bell-Coleman 
cycle is lower than that of a vapour compression machine, and 
further, the efficiency of the vapour machine can be made in 
practice to approximate more closely j.o the theoretical value. 
The co-efficient of performance in practice of an ammonia machine 
is something like five times that, of an air machine. 

The influence of* moisture in air machines is a point to which 
much attention was paid by the early workers in "this field/ 
A distinctive feature in the Bell-Coleman machine was this, that 
a special arrangement was employed for extracting as much as 
possible of the moisture from the air before it should be allowed 
to enter the expansion cylinder. In the early types of machines 
of this kind a*' gofld deal of difficulty was experienced from the 
formation of snow in and about the expansion cylinder and its 
valyes. The air coming from the cold chamber is generally 
saturated. During compression there is no tendency to deposit 
moisture, for the rise in* temperature more than compensates for 
the rise in pressuie. But when the air passes into the cooler it 
may deposit moisture, especially if the cold chamber is not very 
cold. For example, air coming saturated from a room at 20° Fahr. 
would be nearly, but not quite, saturated after compression to 
four atmospheres and co6ling to 60° F$ihr. But if the cold room 
is considerably warmer than that, and the air is satulated as it 
leaves, moisture wiU separate in the cooler. In any case, even if 
the air Jeaving the cooler be not saturated, its further reduction 
of ' temperature in the expansion cylinder will tend, to super- 
saturate it. The early inventors were so much impressed with 
the deposit* of snow as a practical difficulty, that they not only 
endeavoured mechanically to remove any particles of liquid as the 
air left the cooler, but they used means of* extracting part of the 
water, which was held in s61ution,rby reducing the temperature of 
the air to something lower than that of the cooler itself before 
it was allowed to complete the cycle by expansion. Mr Lightfooj; 
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adopted the plan of dividing the whole expansion into two stages. 
He made the expansion compound, using a single cylinder with 
a piston which was made annular on one side by means of a trunk. 
On that side the air was expanded down to a temperature just 
above*32° Fahr., and on the other side jts expansion was completed. 
In the first stage no snow was formed, sAice the temperature was 
not low enough, but water Was deposited, and that was drained 
away before the air passed over to the other end of the cylinder. 
In the Belf-Coleman machine a different device was adopted with 
substantially the same object, namely, a series of drying pipes 
forming an interchange^ by which the cold air coming from the 
chamber was made t<3 cool further the compressed air after it had 
passed through the cooler, A , an$ before it was allowed to expand. 
The current of air in the drying pipes was adjusted so that the 
•temperature should fall to something near 32° in order that as 
much of the moisture as possible should be- deposited as water 
(and not as snow) before the air should pass into the expansion 
cylinder. This device is still used by Messrs Haslam in their 
cold-air machines. Other manufacturers have now given up any 
method of specially cooling the air before expansion — that is to 
say, of cooling it lower than the temperature at which it naturally 
leaves the cooler, and they are content to effect a mechanical 
separation of the particles of moisture which are mixed with the # 
air at that stage. They make no effort to extract that part of the 
moisture which is contained ^in the forjn of vapour in the air, and 
they only mechanically extract what has already been deposited 
in the form of water. They find that no serious difficulty is 
experienced from the deposit of snow during the expansion if'flie. 
air is only saturated and is not charged with liquid particles before 
expansion begins. It is true, of course, that the deposit of snow 
will be somewhat greater than if an interc]janger of the Bell- 
Coleman type be employed ; but the deposit is not so yeat as to 
affect the working of the valves, and the only inconvenience 
appears to be that the snow-box, into which tlje air is discharged 
aftcr^xpansion before it goes on to, the chamber, haS to be swept 
out oftener in one case than the other. 

In the large air-compression machines made by Messrs Haslam* 
a pair of compound steam-c)dinders *are placed horizontally side 
by side, and each is arranged in tandem with one compression and 
one expansion cylinder So iar as the air-cy lindens are concerned, 
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the t machine is duple*, and one or Jboth pairs may be used at 
pleasure. Each air-expansion cylinder has Valves of the same type 
atf th6se common in steam-cylinders. Meyer expansion valves are 
used, and are worked by prolongations of two rods which work 
the corresponding valves of* the steam-cylinder. The compression 
valves consist of a groAp of discs placed on the cover of each 
compression cylinder. Large machihes of this kind may be seen 
working in London at the Victoria Docks, each taking about §00 
ho^e-power to drive it, causing 170,000 cubic feet of* air to pass 
through it per hour, cooling the air to about —70° Fahr. before 
returning it to the cold chamber, and serving to keep cold a store 
of 340,000 cubic feqt capacity by running m general some eight 
hours a day. The compression,, cylinder has a water jacket, so 
that a certain amount of the heat which is developed during 
compression is extracted from the air before ifcgoes to the qooler 1 .* 
The more heat that can be so extracted the better for the 
efficiency of the machine. In Mr Coleman’s early machines the 
temperature of the air 4 during compression was kept comparatively 
low by injecting water into the cylinder. This water injection is 
open to many 'practical objections, especially when sea water is 
concerned, and surface cooling is now exclusively used. 

The large air machines of Messrs •Hall are very similar in 
.arrangement to those of Messrs Haslam. The largest is 32J ft. 
long, 12 ft. wide, and 6£ ft. .high, and circulates 250,000 cubic feet 
of air per hour. A* great variety of air machines of smaller power 
are sold by the makers I have named, and also by Mr Lightfoot, 
down to belt-driven machines circulating as little as 3,000 cubic 
• feet per hour. 

Air machines have played a largq part in developing the 
commercial applications of cold, although now the first place is 

1 The following figufbs shQw the temperatures noted ip a trial of one of these 
machines: ^ 

Cdld Chamber ... , 18°F. 

Aif entering compressor after taking up heat from the drying pipes 53° I?. 

After compression * 291° F. 

After the cooler ... * * ... * 64° F. 

After the drying pipes (on entering expansion cylinder) 46£° F. 

After expansion t -72°F. 

Discharge of water from oooler , ...• % 65° F. 

It will be seen that the actual range of temperature*passed through by the 
working air was 863° while the difference between the temperature of the ohamber 
and the temperatufb df discharge of the cooling water ^as only 47°. • 
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taken by other types. When the problern *is to produce a cold 
atmosphere in a chamber the air machine is not at the same 
obvious disadvantage as when, we are concerned with the? pro- 
duction of cold in a liquid. I pointed out that when air is used 
as a medium to extract heat from a liquid, the difficulty which is 
imposed by the bad conducting po^erlof the air operates as 
a serious practical drawback* This objection does not apply in 
anything like the same degree where we are concerned with the 
production* of a cold atmosphere. Air can be employed as a 
medium for cooling itself more efficiently than it can be employed 
as a medium for cooling anything else. Again, air machines use 
a working substance that is simple and harmless, and that costs 
nothing. When we come to deal with machines employing as 
working substance a liquid and vapour we find in practice very 
jnuch higher co-efficients of performance than are obtained with air, 
and therefore better economy of power. Nevertheless, in spite of 
their relatively large consumption of power, air machines still do 
a considerable share of the refrigerating work that is done on 
board ship. For other uses, the air machine wouM not now be 
recommended, but for ship-board use it retains the £ivour of some 
engineers, ql though even there it now has two very serious 
competitors in the vapour-compression machines using ammonia 
antf ^specially those using carbonic acid. 



LECTURE III. 

Absorption Machines. 

We pass now to the consideration of absorption machines, 
kvhich produce cold *as a direct result of the ultilization of liigh- 
iemperature heat, without the intermediate step of converting the, 
reat into mechanical work. In any machine of this type 1 there 
ire two substances used, which have an affinity for one another so 
.hat one tends strongly to unite with or dissolve in the other when 
.hey are in the cold state, but they can be separated by applying 
leat. In the uction of the machine they are alternately allowed 
.o unite and made to separate. By the direct application of heat 
>ne of them is driven off in the font} of a vapour. It is then 
;ondensed, in a condenser which is kept cool by circulating water 
io which it gives up its latent heat. This ta^es place at a 
•omparatively high pressure. Then the condensed vapour is 
illowed to re-evaporate, and is absorbed by the other substance 
is soon as it does so. During this process the other substance is 
sept cool, consequently re-evaporation and absorption of the 
vapour go on at a relatively low pressure. This low pressure is 
issociated, \n the vapour, with a low* temperature. While the 
jondensed vapour is re-evaporating it takes up heat from bodies 
round it, and is effective for refrigeration^ “This completes the 
jycie, ancl the substances may again be separated by the agency of 
ligh -temperature heat, and so on. 

No mechanical work need be spent in this process, and 
machines of this class have no co-efficient of performance in the 
sense in which we have used that term- In judging of their 
thermodynamic efficiency,, what fae have to compare is the 
refrigerating effect, or heat absorbed at the lower extreme of 
temperature, \vlyle the condensed vapour* is re-evapojating, with 



Absorption machines 47 

the high-temperature heat, which is supplied in effecting the 
separation of one substance from the other. Calling the refri- 
gerating effect Qi and the high-temperature heat Q, as bbfore, 
the efficiency of the process is measured by the heat ratio 

ft 

Q‘ 

i 

♦The lower extreme of temperature is determined by the 
pressure at* which re-evaporatioh of the condensed vapour, and its 
absorption by the other substance, can be made to take place. * 
Of practical machines working in this general way there are 
two kinds. In one Jund the vapour used is water, and it is 
absorbed by sulphuric acid. In the other <kind the vapour is 
ammonia, and it is absorbed by water. In the first kind the 
action consists in driving off water vapour from a state of mixture 
with sulphuric acid, and then letting the acid re-absorb water 
vapour at a low temperature and pressure. In the second kind 
the action consists in driving off ammonia vapour from a state of' 
solution in water: condensing the ammonia vapour, and then 
allowing it to re-evaporate and become re-absorbed by the water at 
a low temperature and comparatively low pressure. In both caseB 
the absorbing substance takes the place of a pump, in main- 
taining a state of low pressure while the process of evaporation 
is* going on. 


Water^ Vapour ‘Absorption Machines. . 

When water vapour is used to effect refrigeration, the pressure 
at which the vapour is formed, which is the pressure associated 1 
with the lower extreme of temperature, must be very low 1 , and 
hence machines using water and sulphuric acid are often described 
as vacuum machines. The method of cooling ly evaporating water 
in vacuo, and using sulphuric acid to absorb the vapour, was Known 
almost from the beginning of the nineteenth century. Professor 
Leslie, in the year 1810, or thereabouts, described a laboratory'ex- 
pe^nent, in which water was frozen by placing it in a Saucer under 
the receiver of an air pump from which the air had been exhausted, ■ 
while there was under- the same receive] 1 another saucer containing * 

j i 

1 Water, considered ,^s a working sibstauce m the process of refrigeration, has 
the serious disadvantage that in it low temperatures are associated with very low 
pressures, and^consequently jritli correspondingly large volumes., 
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sulphuric acid. After the air had been exhausted the vapour of 
water was given off freely, and was absorbed by the sulphuric acid, 
owing to its great affinity for water. The water vapour obtained its 
latent heat by drawing upon the stock of heat which the water con- 
tained, and the consequence was that by the time a certain portion 
of the water was evaporated the remainder was so much chilled as 
to become converted into ice. That type of machine is essentially 
one of the absorption type, because the active feature in it is the 
absorption of water vapour by sulphuric acid. The pump which 
produces the vacuum is ah accessory and not an essential part of 
the machine. Actually the pump is required, because there is 
atmospheric air which has to be got rid of in the first place, in 
order to let the water vapour come into free contact with the acid. 
When once the air is got rid of the pump might stop acting, and 
the performance of the machine would continue, were it n&t for the 
fact that in practice there is always a certain amount of air mixed 
with water in solution, which continues to be given off by the water, 
and so requires the action of the pump fo be kept up. If we wish 
to convert such a machine into a continuously working one, with a 
complete cycle of operations, we must separate the water from the 
sulphuric acid in which it has been absorbed. That can be done by 
the agency of heat. Such a machine was, in fact, made in 1878 by 
Windhausen, and was practically employed on a somewhat large 
scale by the Aylesbury D^tiry Company in the making of ice. If 
*was described before the Society of Arts in 1882 by Dr John 
Hopkinson. There a complete cycle of operations was used. The 
water to be frozen was chilled by causing a portion of it to evapor- 
ate and be absorbed by sulphuric acid. The sulphuric acid thus 
diluted was passed into a vessel called the concentrator, where heat 
was applied to drive off the water, leaving strong acid ready to be 
used over again. 

It is interesting to notice that in this mafchine there was an 
interchanger of heat between the strong warm sulphuric acid 
returning to the machine after concentration, and the dilute acid 
on its way to. the concentrator. Tjiis machine was able to freeze 
.about 12 tons in 24 hours. A compound air-pump was used, 
, maintaining an excellent vacuum of only one-twentieth of a pound 
per square inch. The ice cons in .vhich the water was placed were, 
of course, air-tight, so that a vacuous atmosphere was maintained 
within them, and when the fresh water ran i ( nto the cans it actually 

r r 1 
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froze immediately on entering by its evaporation in this vacujus 
atmosphere, so that when it reached the bottom of the can, it was 
already in a half-frozen state. The result of this was a very £redt 
rapidity of action. Six blocks of ice, weighing about 650 lbs. each, 
are described as having been formed gn about 60 minutes after 
starting. Those who are familiar with, thfc preparation of ice by 
modem methods are aware that, $s ice is now made, it takes 
something like three days to produce blocks of this size. 

It is characteristic of this vacuum method, where the evapora- 
tion of part of the water serves to abstract heat from the rest, that 
the action may easily be made rapid. This, in itself, makes 
the method particularly suitable in a machine of small size. 
Wherever you have a slow action a small machine is placed at a 
great disadvantage, on account of the relatively large amount of 
heat which leaks inty it during the long time which it takes to do 
its wor£. It is highly important, in fact, in the working of a smalt 
machine, that the action should be fast, and that is, no doubt, one 
reason why the water- vapour absorption type of machine has 
survived in small sizes for domestic purposes. It is in consequence 
of the rapid action that this type of machine d*>es *not yield the 
clear blocks qf ice which are obtainable by other and slower means. 
The bubbles of air are caught in the very act of freeing themselyes 
from the water, and as a result* the ice is white and spongy. 

The vacuum, is practically necessary in all such machines, in 
order that the operation should go on ^ufficieiftly fast. Strictly 
speaking, the vacuum is not an essential feature. We might have 
the water evaporating into air,' taken up as moisture in the atmo- 
sphere within the machine, and the sulphuric acid then drying* 
that air by absorbing the moisture from it.' But such an operation 
would be intolerably slow, and in order that the machine should 
work properly it is necessary that the air be removed to let the 
water vapour have free .access to the acid*. The pump is isept 
working to^ exhaust any air which leaks in from outside, *as well 
as the air that is gradually given off from solution in the watch * 
%evious to the development, of Windhausens m&chjnc Mr 
E. Carre, in the year 1875, introduced for domestic purposes a small 
form of absorption machine using water and sulphuric acid. *It 
consists of an air-pump and chamber to contain the acid. 
Connected with the handle of the air-pump is a stirring rod, 
which passes jnto the sulphuric acid chamber, so tba* the surface 
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of t the aci(J is continuously agitate^ in order to t expose fresh 
surface of strong acid to contact with thfe vapour. 

ihg. 18 shows a modified form of the small sulphuric acid 
absorption machine, sold by the Pulsometer Company. It has the 
specially effective air-pump of Mr Fleuss, shown at A in the^ figure. 



Fig. 18. 


The jar C, containing tW water to be frozen, begins to show ice on 

its surface in a very few minutes after we begin to work the machine. 

After several times of use the acid,- which is kept in the container, 

V B , becomes too dilute for further action, and is then replaced by a 

fresh supply. Its activity could of course be restored by applying 

heat to drive off the water it has absorbed. 

* 

Efficiency of Absorption Machines. 

An" important point to be noticed in regard to the efficiency of 
absorption machines employing two liquids is that the heat' ratio 
must be less than unity. In other words, the heat Q i} which is 
usefully extracted at a low temperature, is necessarily less than 
the high-temperature heat Q , which is applied at the other end of 
the machine. This is because a'iarger amount of heat is needed 
to evaporate one liquid when it is in a state of solution in another 
than is needgd to evaporate it when, it is in the pure state. 
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Take, for instance, the sulphuric acid machimj and compare the low- 
temperature heat which is being usefully extracted by each yound 
of water which is evaporated, with the high- temperature heat which 
has to be supplied in order to re-evaporate that pound of water 
after il is mixed with sulphurip acid.* To tear the molecules of 
water away from the acid involves some expenditure of energy over 
and above what is required t6 convert the water into vapour. In 
that part of the process which is*offective for refrigeration — namely, 
the re-evaforation of the water — we have only to tear molecules 
of water from water, and the energy absorbed is consequently less. 
It is a familiar fact that when water is mixed with sulphuric acid a 
certain quantity of heat is produced. In orc^r then to separate 
water from sulphuric acid, heat must be supplied, and when the 
water is separated in a state of vapour the whole heat required is 
•more tjiail the latent heat of the vapour. 

There are not many tests to show what is the actual heat ratio 
reached in machines of this type. Dr Hopkinson, in the paper 
to which I have referred, says that the quantity of coal burnt in 
the use of the Windhausen vacuum machine was about 8 per cent, 
of the weight of ice produced. That* may be 'stated as in round 
numbers one- twelfth of a pound of coal per lb. of ice. Now, the 
number of units of heat whsch 1 lb. of coal is capable of effectively 
giving out by combustion is something like 14,400. The heat taken • 
up in the manufacture of 1 lb. of ice is“ # 142 units so far as the 
conversion from water at 32° Fahr. into iae is concerned, but to that 
we must add the fui ther quantity which is needed to lower thfc water 
from its original temperature down to the temperature at which if- 
is frozen. Probably each pound of ice represents something like 
200 units of effective refrigeration. In that case the h«at ratio is 
the ratio off say 200 units usefully extracted to 1,200 units actually 
applied ; in other words, it is a ratio of onq-sixtfc. It will be # seen 
later that if the same quantity of heat were applied to drive an 
engine of ordinary efficiency, which in its turn was set to drivg a 
compression refrigerating machine of modern typefthe refrigerating 
effeS would be greater. High-temperature heat can be more 
efficiently applied to the production of cold in that way than in an 
absorption machine. This is true ; not only of absorption machines 
using water vapour ^s the working substance, but also of those 
next to be described, which use ammonia vapour as the working sub- 
stance, and in which water is the absorbent. 
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Ammonia Absorption Machines. 

rn • ' ■ • 

This other class of refrigerating absorption machine, which 
uses ammonia dissolved in water, is in much wider use than the 
sulphuric acid or “vacuum” machine. Its action is in general 
respects the same, but as* ammonia has a much higher vapour 
pressure than water 1 , there is no vacuum, but pressure higher than 
that of the atmosphere throughout the cycle. The ammonia 
absorption machine was invented by F. Carre about thfe year 1860 
At first it was very crude, consisting merely of two vessels, in one 
of which was placed a strong solution of ammonia in water; the other 
in the first instance was empty, and was surrounded by cold water. 
The vessel containing the solution of ammonia was heated and the 
gas passed over under pressure into the other vessel, where it was 
condensed, giving up its latent heat to the water outside. ^ little 
steam passed over with it, but the main constituent of what collected 
in the cold vessel was liquid anhydrous ammonia. The solution of 
ammonia in the first yessel became more and more dilute. After 
this had gone on for some time, the source of heat was removed, 
and the vessel containing dilute solution was surrounded by cold 
water. The condensed ammonia in thg other vessel then evaporated, 
being re-absorbed by the dilute solution. In re-evaporating, the 
ammonia exerted a refrigerating effect. By making the condenser 
(that is to say, the vesst‘1; which served as condenser in the first 
operation, and as ^e-evaporator in the second) with a hollow central 
space, f in which a can of water was inserted, the re-evaporation of 
{he ammonia was caused to freeze the contents of the can. The 
action in this small machine of Carry’s was intermittent. It 
required that the vessel containing t{ie ammonia solution should 
be alternately applied to the source of heat, and placed in cold 
water. Each of the two vessels fulfilled two separate functions; 
one vessel served in the first instance ac the condenser of the 
aqhydrous ammonia, then in the second instance it served as the 
refrigerator. Again, the other vessel served in the first instance as 
the generator of the anhydrous 'ammonia, and then in the second 
stage of the process it served as the absorber. Suppose, however, 
we have four vessels instead of two, each of the four fulfilling one 
function, and that we havg a pump by which .the liquid which has 
been in the absorber and has had the ammonia restored to it shall 
1 See the tables in Appendix D. 
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be pumped back into the generator. In that case we have tjie 
continuous machine, wBich was soon developed out of Carres 
primitive apparatus. Several inventors contributed to the improve- 
ment — Mr Reece, Mr Stanley, Mr Mart and others adding 
featurea which are found in the ammonia absorption machine of 
the present day. A continuously acting Machine of this class is 
shown diagrammatical ly in Fig. 19. , Here we have as generator a 
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t’ig. 19. 

vessel containing a solution of ammonia ; heat is applied to it by 
means of a coil of steam-pipe within. The ammonia gas passes 
over from this into another vessel, the condenser, which # is a coil of 
pipe kept cold by a circulation of cold water. . There it $ condensed. 
Then it passes through a regulating valve i^to another vessel, 
namely a coil forming* the refrigerator or evaporator, as it might 
better be .called. In evaporating there, the ammonia picks \ip 
he^i from any surrounding bodies. It is evaporated under a com- 
paSively low pressure, and consequently at a low tenfper^ture, so 
that if there is, say, a circulation of brine round the refrigerator or 
evaporator the brine may be chilled to a temperature considerably 
below the freezing point of water. Th6n the ammonia gas, having 
been re-evaporated, passes over into another vessel where it is 
absorbed by water— nob by pure water, however, but by the dilute 


54 


ABSORPTION MACHINES 


solution which is lqft After ammonia gas has been evaporated in the 
generator. In the process of generation of the ammonia gas the 
strong ammonia solution rises to the top on account of its smaller 
specific gravity, and the weaker solution falls to the bottom, from 
which it is allowed to pasw, through a suitable check valre, into 
the absorber, where it meets again with the ammonia gas that has 
come over from the refrigerator or eVaporator. After having met 
the gas and re-absorbed it, this.* liquid is pumped back to the 
generator where it goes in at the top. That completes the cycle 
of operations. In the process of absorbing the ammonia a large 
amount of heat is given out, and hence the absorber, as well as 
the condenser, requires to be surrounded by circulating water, or 
cooled in some other way. u 

Notice that as ‘regards pressure the machine as a whole is 
divided into a high pressure and a low pressure part. ' r $he loV 
pressure part consists of two organs, the evaporator and the 
absorber, and these are separated from the high pressure organs by 
the regulating valve, Jho check valve, and the pump. 

The diagram shows between the pump and the generator 
another vessel, called the interchangei or economiser, which was 
introduced by Mart in 1870, and formed a notable improvement. 
In order that the absorber should act, the dilute ammonia solution 
in it must be comparatively cold, but that solution when it leaves 
the generator is hot. If jlo passed directly into the absorber it would 
have to be cooled* down, <wd then, after the ammonia had been 
absorbed by it, the strong solution would have to be heated up 
again to the temperature of the generator. The purpose of the 
interchanger is to make this alternate cooling and heating of the 
liquid go pn without much waste. The interchanger takes heat 
from the werdc solution on its way to the absorber and *£ives that 
heat to the strongj solution on its way back. t Hence the strong 
solution reaches tlje generator at a temperature not very far below 
the temperature of the generator, and the weak sol utiomen ters, the 
absorber at a temperature not greatly above the temperature of the 
absorber*, itself. The interchange' is not complete, and, even if it 
were complete, the strong solution would not take up enough to 
raise it to the temperature of the generator, because there is a 
larger amount of material passing from the absorber to the 
generator than is passing from the generator to the absorber. 
Apart, however from the loss of heat which thiw imperfect* 
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exchange involves, the supply of high-temferature heat to the 
generator must necessarily be greater than the* effective refrigera- 
tion for the reason which has, already been explained. In the 
generator we have to tear away the ammonia from the water as 
well ag to produce the gaseous condition ; whereas in the refrigerator 
the ammonia molecules are simply being separated from one another. 
Under the most favourable conditions, the heat ratio in such a 
machine must be considerably less than unity. It takes something 
like 820 oi»850 thermal units to separate a pound of ammonia gas 
from solution with water, whereas the ‘evaporation of a pound *of 
ammonia gas will only take up something like 500 units, and 
beyond that there are several sources of loss, of which the imper- 
fection of the exchange is one. * 

Fig. 20 gives an externaf view of g,n actual ammonia 
> absorption machine # as made by Messrs Pontifex and Wood, whose 
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business ig now carried on by Messrs Haslam. Such a machine 
has been used for many years at Meux’s trewery where it 
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was installed in 18 1^ 1 . The generator, G, consists of a cast- 

iron vessel with coils inside, through &hich steam circulates 
to supply heat. The vapour of « ammonia when it leaves the 
generator is by no means in an anhydrous condition; it ac- 
cordingly passes through ap upright vessel, S, containing aoseries 
of trays, called an analyses, which separates the ammonia more 
perfectly from the water. Tljen it’ passes on to the uppermost 
coil of the condenser, D. This , top coil is distinct from the 
remainder, and goes by the name of the rectifier. Its 'function is 
to' purify the ammonia still* further by cooling it to a temperature 
not low enough to liquefy the ammonia* but low enough to con- 
dense the steam which is mixed with it. The water condensed in 
the rectifier is caught in a scries^ of pockets and is returned into 
the upper part of the analyser. The ammonia gas continues its 
course down through the main coils of the condenser and^ there * 
becomes liquefied. It next passes through a regulating valve to 
the cooler or refrigerator, R, where it is re-evaporated and through 
which the brine or other substance to be covered circulates in 
pipes. It then 1 goes to' the absorber, A, where it meets with and is 
absorbed b}' a current of weak liquid from the generator, which has 
passed meanwhile through the economiser or interchanger, . E. 
Finally, the strong solution formed in the absorber goes back to 
the analyser, where it drops down over a series of trays, allowing 
some of the gas to be extracted from it, .even before At reaches the 
generator proper. The pump, P, is for pumping the strong liquid 
back from the absorber to the generator through the interchange!* 
and analyser. 

t The absorption machine at Messrs Meux’s is as large as these 
machines are practically made in this country. The ordinary mode 
of rating refrigerating machines is to state the number of tons of 
ice they can produce in 24 hours, whether they are actually used 
for the production of ice 'or for other purposes.' This machine is 
employed *in cooling the wort, and is rated as a 24-ton machine. It 
has a very good record during its long term of service, and a visit 
to it leaves the impression that for .certain purposes there is much 
to be said for this comparatively simple type of machine. It 
cannot pretend to the same efficiency as that which is reached 
with a good compression machine, not claim to be. compact, but it 
has the advantage of few working parts, and has, apparently, very 

1 This machine still employed at the date of the lecture but has now (1908) 

. been out of use for some years. 
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little liability, to derangement. It commends jtself in cases wfyere 
it may be desirable to have little need of attention on the part of 
a skilled fitter. Machines of this class are made to a considerable 
extent in America. The firm of Sulzer-Vogt, for instance, supply 
machines having the same organic parts, but differing considerably 
in points of mechanical construction from 4 the machine of Fig. 20. 
Their generator is a long ^erticjU vessel, with three or more 
horizontal projections near the .bottom of it, in which the actual 
generation*occurs. It is not a cast-iron vessel, as in the example 
of Fig. 20, but is built up of wrought iron or steel plates, and the 
interchanger consists of two concentric pipes, the inner pipe 
forming one channef, and the annular spaqe between the two 
forming the other. No form of fyeat interchanger is more effective 
for its purpose than that • 

Tl^e Sulzer-Vogt machine is used at Louisville for the working 
of a very interesting system of distributed refrigeration, which *is 
also found in some other American towns. Cold is, so to speak, 
laid on from a central station, like gas jpid electricity, to the 
houses and shops of the consumers scattered through the town. 
What is actually distributed is liquid ammoitia;*it is sent out 
under pressure along mains buried in the streets, and is admitted 
as it is wanted to refrigerating coils on the premises of each con- 
sumer, who obtains any anfount of refrigeration he pleases by. 
regulating thoi amount of .ammonia admitted to his evaporating 
coils. There are two mains, in one oLwhich* liquid ammonia is 
supplied under pressure, while in the other gaseous ammonia is 
taken back to the generating station. Each consumer’s coil is 
simply a pipe forming what would be called in electricity a shunt ' 
between the two, .and each draws off amrflonia through ^regulating 
valve to his own coil without interfering with his* neighbour’s. 
The absorption machine is claimed, I think justly, to have the 
advantage for such* central station work, that, however fast or 
however slowly the ammonia vapour comes back to the central 
station, it can readily be taken up by absorptionjin water, whereas 
if% compression machine were -used, its speed of w<frking would 
have to yary in accordance with the varying demand for refrigera- 
tion. An absorption machine allows the operation at the central 
station to go on in a tolerably hnlform *vay without much reference 
to the varying rates at which consumption occurs throughout the 
area of sunnlv. 
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Actual Performance of an Ammonia Absorption Machine. 

I pointed out that the heat ‘ratio in all such machines is 
necessarily less than unity, something like 06 from the theoretical 
point of view, but you mustciot suppose that any actual absorption 
machine reaches, or nearly* reaches, even this moderate figure. 
The most complete authentic data with which I am acquainted as 
to the performance of a machine of the absorption type are supplied 
by Professor Denton in a paper published in 1888 by the American 
Society of Civil Engineers. He tested a refrigerating machine of 
the Pontifcx type, employed to cool brine from 21° Fahr. to 16° 
Fahr., and supplied with cooling water at 54£° Fahr. He found that 
each pound of steam supplied to the machine gave up 982 thermal 
units, and effected an amount of refrigeration measured by 248 
thermal units ; in other words, the heat ratio-^-namely, the satio of' 

c ' . 248 

the effective refrigeration to the heat supplied — was t or 026. 

In round numbers, this machine did an amount of refrigeration 
equal to one-quarter of the heat which was supplied to it in the steam. 
The stearn which \fcis reckoned in this test included not only the 
steam supplied to the generator, but also that required-to drive the 
pump. It is interesting to compare this figure with the theoretical 
efficiency of an ideally perfect refrigerating machine. Taking the 
limits of temperature wftich were used in Professor Denton’s test, 
namely 272° Fahr* and 16° Fahr. for the two extremes, and 67 c 
Fahr. (a mean of 54^° and 80") for the middle temperature, an 
ideally perfect machine made up of a combination of reversible 
heat-engine with reversible heat-pump would give a heat ratio of 
261 instead of 026. This shows how for the ammonia absorption 
machine faUs short of being reversible in the thcn/iodynamic 
sense. It only getfs about one-tenth of the t refrigerating effect 
that might, in theory, „be got from the same quantity of high- 
temperature heat if that were applied to produce refrigeratioq in 
the ideally most efficient manner. 

[Note <added 1919. In an ammonia absorption process patented by 
Mr W. W. Seay the gas is absorbed by a dry salt of ammonium such as the 
nitrate or the thiocyanate. The gas and salt on uniting form a liquid from 
which the gas is again distillod <>>ff by fieiti. No water is used. This cycle is 
efficient, for a quantity of heat less than the latent heat of the gas serves to 
separate the gas from the salt, because the salt becomes a solid as the gas 
leaves it, and givfesSmt heat in solidifying.] 



LECTURE IV. 

The Vapour Compression Process. 

I pass on to speak in* some detail about the process of refrigera- 
tion which is now far and away the most important process of all 
— the vapour compression process. Air-machines and ammonia 
# absorption machines find a limited amount of use ; but the great 
bulk <Jf the work of refrigeration is done by machines which act J)y 
the mechanical compression of a condensible vapour. The scientific 
and historical interest of other methods have led us to spend a 
considerable time upon them, but in point ofaommercial importance 
they take a very secondary place. Moreover, the^ vapour compression 
process is the most efficient of all. It allows a co-efficient of per- 
formance to be reached in ^practice which makes a very respectable 
approach to the thermodynamic ideal. 

I explained in the first lecture, in speaking of Fig. 8, how it 
liquid with its vapour could be carried tlfrough a perfect refrigera- 
ting cycle, forming a reversal in all respects of the cycle of Carnot. 
This would necessitate the use of an expansion cylinder as well as 
a compression cylinder, the function of the expansion cylinder being 
to allow the liquid from the condenser tq cool itself adiabatically to. 
the temperature* of the lefrigerator. In practice the expansion 
cylinder would be very small — much smaller in comparison with 
the compression cylinder than appears from Fi 8, for that diagram 
was drawn to represent a machine using air.* Expansion wpuld 
take place from the volume of the liquid up to a volume in \«hich 
eMugh of the liquid is evaporate^ to reduce the temperature of what 
is left down to the temperatu re of tho refrigerator. That i£ generally 
quite a small proportion of the whole— something like one- tenth or v 
at the most, one-quarter — and therefore quite a small expansion 
cylinder would suffice. But id all actual machines which employ a 
vapour the expansion cylinder is omitted altogether and the organs 
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' are those shown diagram matically in Fig. 21. There the vapour from 
the refrigerator, C, is compressed in the compressor cylinder B 
into the condenser, A, where it is "liquefied ; but it returns from 
A to C through a simple regulating throttle-valve instead of 



through an expansion cylinder. In passing through the throttle- 
valve part of it becomes gaseous, so that when it reaches C it 
consists of a mixture of liquid and vapour, but the liquid part 
preponderates. It continues to evaporate in C , and, in doing so, 
takes up heat from the surrounding brine or whatever is there to 
be cooled. 

Any«iiquid which can be alternately liquefied and vaporized, or, 
in other words, any liquid whatsoever would serve as a possible 
working substance in such machines. Liquids which have been 
used are water, sulphuric' ether, sulphurous acid, ammonia, and 
carbonic acide A machine employing water for its working sub- 
stance in this way**- must be a vacuum machine on account of 
the low vapour pressure of water, but its 1 action is, of course, 
different from that of the sulphuric acid vacuum machine already 
described. Here *he working substance undergoes no solution 
nor chemical change. The vapour as it is formed is disposed 
of by the compressor cylinder’s action as a pump instead of 
by absorption in acid. Windhausen’s machine, to which I have 
referred, was sometimes used without the sulphuric acid, and in 
that case it formed an example of the class of machines we arc 
now dealing with** There was only this difference, that the water 
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vapour discharged by the air-pump did not complete a cycle by a 
returning to the refrigerator, but other water took its place. 
Another machine of the same class was put on^ the market 
some years ago by Messrs Southby and Blyth, where water 
was the working substance, and a vacuum was maintained 
by pumping without the use *of sulphiyic acid. The enormous 
volume of the vapour which has to pass through the pump 
in* such machines is a serious practical objection to their use. 
It makes .the machine bulky and the frictional losses relatively 
large. It may occur to you that there# is another disadvantage' in 
the use of water — namely, that if we attempt to evaporate water 
at a temperature bulow 32° Fahr. it will freeze. That, however, 
can be got over when lower temperatures Are wanted by using 
brine instead of water for the \torking substance. The working 
cycle remains practically the same, and the lower limit of tempera- 
ture may then be much reduced. But the vapour becomes bulkier 
than ever the lower you go in temperature; the machine is incon- 
venient and mechanically inefficient. The work spent in overcoming 
the friction of the piston packing tends to form a large part of the 
whole work that has to be expended. Remember that any heat 
developed in the compressor by mechanical friction not only adds 
to the amount of work to* be done in driving the machine, but 
takes away from the effective refrigeration which the substance 
■should produce. 

Choice of a Liquid in .Vapour Compression Machines. 

• 

In the choice of a liquid for use as working substance in a 
compression machine there are several points to consider — so#ne d 
thermodynamical and some of a general practical kind. One of 
the first is the question of hulk of which we have just beSn speaking, 
and the consideration of it may be said to put water at once out 
of court. The voluTnc of 1 lb. of water vapour at 32° Fahr. is 3,416 
cubic feet. Its latent heat is 1,092 thermal* units. Hence#thc 
pfeton of a machine using water would have to sweep through 
seething more than three cubic feet for each thermal unit of 
refrigeration, if the temperature of refrigeration were 32°'Fahr. and 
still more if the temperature were lower. Compare this with the. 
volume to be swept through*when ajnmonia is used. Ammonia 
vapour at 32 u Fahr! occupies about 4*8 cubic feet per lb., and its 
latent heat is 568 thermal units ; hence the piston would in that 
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case have to sweep thtough considerably less than one-hundredth 
of* a cubic foot for "each unit of refrigeration. With sulphurous 
acid for working substance the piston would have to sweep through 
about one-fiftieth of a cubic foot, and with carbonic acid barely one 
five-hundredth. In comparison with any of these the bulk of the 
water- vapour machine is excessive 1 . 

Another question to consider is. what will be the working 
pressure on the two sides of the machine — the high-pressure side, 
A, and the low-pressure side, (7. These pressures are determined 
by the temperatures of the ‘condenser and refrigerator respectively. 
Their limits are fixed for any given vapour used as working sub- 
stance when we are fold what is the temperature of the water into 
which heat is rejected and what is the temperature at which 
refrigeration is to be, performed. ' In the choice of a working sub- 
stance one has to ask whether the pressures corresponding to these 
limits are either inconveniently high or inconveniently low. ' With 
water, they are excessively low ; the vapour pressure of water is 
considerably less than one pound on the square inch even at the 
highest temperature likely to be reached on the warm side of a 
refrigerating machine. Sulphuric ether was at one time in favour 
as a working substance, but its vapour pressure is only 3'541bs. pel’ 
square inch at 32° Falir. and is below" the pressure of the atmo- 
sphere for all temperatures under 95° Falir. Hence, in an other 
"machine both the high ai)d the low pressure sides would be at less 
than atmospheric pressure, and any want, of tightness would mean 
a leakage u + air into the machine, not a leakage of ether out. This 
is a serious practical disadvantage, for the presence of air reduces 
tile efficiency of the process. Besides, these ether machines were 
bulky, and the use of an, inflammable vapour was objectionable. 
Modern machines use one or other of thtee substances, sulphurous 
acid, ammonia, and carbonic acid. 


1 The following are the figures for the four Bubstuncis named, at a temperature 
of SV* Falir. * 


« 

VI 

Pressure in lbs. 

Vol in cubic feet 

Vol per 1000 units of 
net refrigerating 

f 

per iueli 


etlect (approx.) 

Water 

0*085 

3410 

3200 

Sulphurous Acid ... 

22 f 

' 3 4 

22 

Ammonia 

01-8 

» 4-S # 

9 

Carbonic Acid 

535 

0-17 

o 

J 
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If we take a temperature of -4° Fahr.*as a lower limit, that , 
being about the lowest temperature at which refrigeration is 
practically performed, we find Jhat the (absolute) pressure <*f the 
vapour in these three substances is for sulphurous acid about 9 lbs. 
per square inch, for ammonia about 2 Mbs. per square inch, and for 
carbonic acid about 289 lbs. per square »inch. If, again, we take 
80° Fahr. as a ropresentative«upper limit at which heat is liable to 
be" rejected (though sometimes, as, for instance, in the tropics, we 
may have 4o deal with a somewhat higher temperature) we find 
that sulphurous acid has a pressure ftf 60 lbs. per square inch, 
ammonia of 171 lbs. pe^ square inch, and carbonic acid a pressure 
of 3,039 lbs. per square inch. On the diagram (Fig. 22) curves an' 



Pig. 22. Vapour Pressures in Cariwnic Acid, Ammonia, and Sulphurous Acid. 

drawn to show the vapour pressures of these substances in relation^ 
to the temperature 1 . There *fchfe scaly of temperature is given in 
Centigrade degrees, and the pressures are expressed, not in lbs. per 
' ""or numerical values see the tables in Appendi^D. 
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square inch, but in ‘atmospheres, each atmosphere being about 
14*7 lbs. per square inch. You observe/ then, that within the 
practical limits which I have just indicated the pressures of 
ammonia range from something like 20 lbs. to something like 
170 lbs. on the square inch. These are just such pressiyes as 
engineers are accustomed to deal with in ordinary steam-engine 
work; they are pressures which present no serious difficulty as 
regards the keeping of joints and glands tight. With sulphurbus 
acid the pressure is lower, and it falls below the pressure of the 
atmosphere when the temperature is anything under 14° Fahr. 
This exposes the low temperature side of the machine to the risk 
of air leaking in, which is then particularly objectionable, because 
it might produce sufphuric acid and corrode the metal. 

In vapour compression machines of an}^ class leakage of the 
working substance out to the atmosphere°is in general attended by 
no more serious disadvantage than that a portion of the charge is 
thereby lost, and has to be renewed from time to time, whereas 
leakage of the atmosphere into the machine means a diminution of 
the efficiency of the process, and in some cases it also means that 
chemical action is liable to go on between the working vapour and 
the oxygen of the air. In some cases however, as on board ship, 
leaking of the working substance outwards may be attended by 
serious practical inconvenience and even danger, on account of the 
confined nature of the space into which it leaks. 

With carbonic acid, which is the third substance on our list, 
the pressures are greatly higher than 1 in either of the other two. 
The volumes are correspondingly small, so that machines using 
( carbonic acid have the advantage of great compactness in their work- 
ing parts. But the keeping of joints and glands tight is a very much 
more serioufe mechanical problem in these machines, and even with 
the best construction and most careful use the loss of the working 
substance is in general greater in them than in others. On the 
whole, taking pressures as well as volumes into account, ammonia 
has Che advantage over either of the other substances as regards 
the convenience of its pressure and volume range. The pressures 
that have to be dealt with are neither excessively high nor 
„ excessively low; and the bulk of an ammonia machine is moderate. 

Other points to be considered' aie the cheapness and stability 
of the working substance, cheapness in regard to replacement as 
well as first cost, and stability in the sense of not being liable to 
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chemical change through kpse of time, ’or through repeated 
passage round and round the cycle of operations. Again, the 
working substance must not extfrt chemical action on the metal of 
the machine. Carbonic acid is without action on brass or copper 
as well as iron. Whereas amjnonia, 'though without action on 
iron, is an active solvent of brass and copper, and these metals 
must, therefore, be entirely excluded from the machine and the 
coils and all the parts of the 'working system when ammonia 
forms the Vorking substance. ( » 

Again, we must always reckon on the possibility of leakage, 
though the probability is less with some substances than with 
others on account of cliffcrences in pressure ; and it is important 
to enquire how far the working substance, should it leak, will be 
innocuous — how far it may be allowed to escape into a closed space 
•without producing serious consequences. In this particular, when 
the machine has to be put in a confined space on board ship 
carbonic acid is rightly regarded as less objectionable than 
ammonia. Another point is the facility which the substance 
offers for the detection of leaks, should they occur. In this 
respect both of the other two substances have tfic advantage over 
carbonic acid, because of their smell. These are practical con- 
siderations, and the amount of weight to be given to any one* of 
them will depend on the circumstances of the particular case. 

* 

Comparison of the Substances as to 
Thermodynamic Efficiency. 

But, in dealing with the relative merits of the various materials., 
there is still one important element which concerns the thermo- 
dynamics of the subject. Jt has to do with the question — How 
far is one liquid more able than another to approach the 
thermodynamic ideal of efficiency? If we ware dealing with 
the Carnot cycle of operations, it would be p. matter of complete 
indifference, which of the various liquids we employed, so far as 
thermodynamic considerations went, because in, that case the 
efficid%y would depend only on 'the limits of temperature, and 
would be unaffected by the properties of any particular working 
substance. But the case is different with the cycle which is 
actually used. That # cycle differs from* the Carnot cycle in the 
omission of adiabatic expansion and in the substitution of the 
regulator or throttle- valve, through which the liquid is allowed ‘to 

B. R. mb 
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stream, for the expafision cylinder.* Consequently, not only do 
we lqse some work which might be saved (namely the work done 
in the expansion cylinder), but oho equivalent of this work is 
carried on into the evaporator in the form of heat, in the liquid 
which streams through ^hd regulating valve, and this reduces the 
useful refrigerating effect. ' The liquid is coming from a vessel at 
a relatively high temperature into a cold vessel, and brings witjh it 
a quantity of heat which is eqtial to the difference in temper- 
ature between the two multiplied by the specific heat of the liquid. 
In the evaporator it takes up effectively a quantity of heat which 
depends upon the latent heat of the vapour. Hence the amount 
of the loss which results from omission of the expansion cylinder 
depends primarily upon the proportion between the specific; heat 
and the latent heat of the working substance. 

# To express this in figures, let r be the latefit heat of the. vapour' 
and let </] and q» be the amounts of heat contained in the liquid at 
the respective temperatures of the condenser and T» of the 
evaporator orirefrigexator. The heat which the liquid carries over 
is (ji — q. if and this reduces the refrigerating effect from r to 
r—(q } — q^), assuming the evaporation in the refrigerator to be 
complete 1 . The quantity q , - q 2 is equal to the specific heat of the 
liquid 2 , multiplied by the difference of temperatures, T 1 — T.,. If 
we assume, as an example, that 2\ is (j 2 C Fahr., and is 32° Fahr., 
the numbers for the vaiious substances are as follows : — 

r 


' 

Latent 

Liquid 

heat 

j Refrigerating 
i effect 

Proportion 
of loss, 
namely, 

- . 


<U - <ls 

; r-toi-gd 

~ ( h 
r 

Water c . . . ' 

1.01)2 

30 

| 1,062 

:lV, 

SUlplmrous acid ... 

*• 104 

10 

r 154 

IA 

« Ammonia 

508 

27 

541 

1 

S3 1 

••Carbonic acid 

100 

i 

16 

| 

: 84 

' J • 


1 There is a small further reduction due to the work which the pressure of the 
liquid does in forcing the liquid through the throttle-valve (see footnote on p. 70). 

2 The specific heats of the four substances in the liquid state are approximately : 

Water i ... 1 

Sulphurous Acid 0*32 

Ammonia ... 0'9 

Carbonic Acid 0*54 
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Or take a case where tSe range of temperature is wider, and 
let ^ be 68° Fahr., and T 2 be 14° Fahr. : a similar cal culation* then 
shows that the loss due to the heat brought over in the liquid 
amounts with ammonia to 8J- per cent, of the gross refrigeration 
r , witTi sulphurous acid to 10 h § per cent^ and with carbonic acid 
to 29 per cent. With water the loss amounts to barely 5 per cent., 
but water, though best in this respect, is out of court for the 
reasons already given. Of the other substances, ammonia comes 
in this respect at the top of the list? and carbonic acid makes 
a bad third. 

In other words, o£ the three substances ammonia gives us the 
least foiling away from the ideal cycle of darnot, and carbonic 
acid gives a relatively large foiling away from Xhat ideal. 


Entropy Diagrams lor Vapour Compression Machines. 

The working of machines of this class B is most thoroughly 
grasped by the aid of the entropy diagram. Consider what is the 
form that this diagram will take for the working of a vapour 
compression machine. The entropy diagram is familiar to many 
persons in relation to the steam-engine, where we have an ahppst 
precisely reversed set of operations from those which we are now 
dealing (Fig. 23 ). It may be useful to refer for a moment to the 
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steam-engine cycle of operations befofe coming to the refrigerating 
cycle; In it we begin with the water delivered by the feed-pump 
to the boiler at the temperature of the feed, which is the lower 
limit of temperature. While the feed- water is being raised to the 
temperature of the boiler it is taking in heat, and this part c of the 
operation is exhibited on the entropy diagram by a line that slopes 
upward, AD. The point A 'is plotted at a height above «the 
datum line corresponding to the absolute temperature t of the feed. 
The actual entropy of the water in this state is a matter with which 
we need not concern ourselves : we have only to do with changes 
of entropy reckoned with respect to this .state as a convenient 
starting point. Fiforn A to D, which represents the process of 
heating the feed- water up to boiler temperature, heat is being 
taken in and the entropy is accordingly ^increasing. This increase f 
in represented, on the scale used to represenf changes of entropy, 
by the distance EF. D is accordingly placed to the right of A by 
the distance EF and at a height which corresponds to the 
absolute temperature? in the boiler. The heat and entropy are 
reckoned, and, represented in the diagram, per unit quantity of 
the working substance. 

Remember that in the entropy diagram the heat taken in 
dufing any operation is represented by the area under the line 
which represents that operation. The heat taken in by the feed- 
water of the stearp-engiYief while it is rising from the temperature 
of the feed to the temperature of the boiler is represented by the 
area A ABF. The next part of the operation is the conversion 
ef the water into steam in the boiler. This is represented 
by the line DC , and the heat taken in during that process is 
FDCG. FG is the gain in entropy’ which occurs during the 
process. The substance is at that time taking in heat without 
change of temperature, * and hence the entropy line DC is parallel 
to the base. If We wefe to suppose a number of different tempera- 
tures at which evaporation might occur, and were to draw the 
corresponding l?ne to DC for each of them, we should get a 
boundary line (passing through the extremities of all) of the kind 
represented by the dotted line CH. It is convenient to have 
this line sketched on tlm diagram. It represents the values of 
the entropy of saturated steam dt various pressures and temper- 
atures. After the operation DC the .next step is the expansion of 
the steam in the cylinder, and if we suppose the cylinder to bo 
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a non-conductor, so that the expansion is performed adiabatically, 
we have the line GB * to represent this process, no heat being 
given out or taken in. In this process there is no change of enfropy 
but the temperature falls. Suppose the expansion to be continued 
mntil Jhe steam falls to the temperature of the condenser. Part 

of the steam, namely, the fraction has become condensed 

• 

dufing the expansion. The remainder is now condensed, this 
operation being represented by the line BA. In being condensed 
it gives out an amount of heat represented by the area QBAE 1 * 
Here we have the same cycle of operations as we have in the 
refrigerating machine* only performed the other way about. Trace 
the cycle in the order ODABC, and it £hen represents the 
refrigerating process. The operation CD is .the condensation of 
• the compressed vapour.* DA is the cooling of the condensed 
liquid as ijb passes into the refrigerator. AB is its evaporation 
there, and BG is the compression. Observe that if the vapour is only 
to be saturated, and not superheated, at the end of the compression, 
compression must begin at B and not at* a poiht further out 
along the line BH. That is to say, the evaporation AB must be 

BH 

incomplete, leaving the fraction still unevaporated and 

mixed as liquid with the vapour when it enters the compression 
Cylinder. In pther words the evaporator or refrigerator must* 
prime to that extent if this vapour is not to ljecome superheated 
when it is compressed. In ma*ny cases superheating does take place, 
but it is only when the proportion of liquid to vapour in the mixture 
admitted to the cylinder is in the proportion of BH to AB that An 
adiabatic process of compression will have the effect of bringing 
the whole into tlie condition of saturated and dry vajjour when it 
leaves the compression cylinder. The next process CD is per- 
formed in the coildenser, and is the process with which we 
supposed the cycle to begin. 


all the substance were in the sta^e of saturated vapour whan the process of 
lation begins, the process would start from H and the heat given out would 


be the area under A H, namely A KHJ. At B, however, we have a wet mixture, and as 
the heat given out is the area under AB. namely EABQ, it follows that at B the 4 
AB * * 

fraction is the fraqjion remaining to be condensed. In other words in the 
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Tlie area AEFD !s the heat which is carried over by the liquid 
into the evaporator ‘in consequence of the absence of an expansion 
cylinder; the net amount of refrigeration is the area ABGE 
minus the area AEFD. The question of efficiency as affected 
by the physical differences between any one working substance 
and another depends upon what ^relation the area AEFD bears 
to the area AEGB — that is to say/ on the relation of q l - q 2 to 
xr, where x expresses the fraction which is vaporised before 
AB m 

compression begins, or — ^ . The area of the closed figure 

A BCD measures the work that has to be expended in performing 
the cycle 1 . «• 

Draw a line KL (Fig. 24) so that the area EALK is equal 



F K G J 

, Fig. 24. 


1 Tlie refrigrration cycle is not strictly a reversal of the steam-engine cycle, 
because the streaming of liquid through the regulating valve is not a reversal of the 
action of a feed-pump. To inake the one a strict reversal of the other would 
reqpire what we may cadi a.nfegative feed-pump in the refrigerating machine — that 
is to^pay, a working cylinder which would get out of the liquid the equivalent of the 
work spent on the feedpump. The woik in question is v' (p 1 -p 2 ), where v' is the 
volume of the liquid, and p l and are 'the pressures in the vessels A and C 

respectively'. Hence the work which must be spent on the refrigerating machine 
with a throttle valve is really greater than the area A BCD by the amount 
* v ‘ (Pi -Pa); au d the net refrigerating eff^ct c is less by the same amount, being 
xr - (q x - <j a ) - v f (p, -p 9 ). Rut the term v' - ;; 2 ) is so ^mall except in the case 
of carbonic acid that in most? calculations it may be omitted without serious error. 
It is taken account of in the figures for carbonic acid given on p. 7G. 
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to jfche area EADF \ or, in other words, so^hab FMLK is equal 
to AMD, then the crc^s-hafched area KLBG measures the net 
refrigerating effect per unit quantity of working substance 1 put 
through the cycle. The co-etficient of performance is the ratio 
of th<^area KLBG to the area ADCB , which is the work done 
by the compressor. 

In Fig. 25 there are drawn to one scale the entropy temper- 
atiife charts of ammonia, sulphurous acid, and carbonic acid. On 
the left in* each diagram is the line taken by the substance in 



Scale of Entropy 

Fig. 25. 

changing its temperature without being vaporised. On the right 
of each is a line corresponding to the dotted line CH of Fig. 26, 
showing the values of the entropy when the substance is completely 
vaporised at various temperatures. These figures bear out the 
conclusion come to before, that the absence of the expansion 
cylinder causes least loss of effect in ammcftiia and most in carbonic 
acid. In each case we have to distinguish bettveen what may*be 
called the gross refrigeration due to the evaporation of the liquid 
and ^e net refrigeration, which is that quantify minus the area 
under the sloping line on the left-hand side. In the hmmonia 
diagram the lines are as nearly as possible straight lines, and in , 
the sulphurous acid diagram* they a$e very nearly straight for 
this range of temperature. The carbonic acid diagram has a 
rounded top at the critical temperature of the gas. The charts 
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for ammonia and sulphurous acid are sketched here for tempera- 
tures ranging up to 40° C. only. If they were continued to 
sufficiently high temperatures the sloping lines on the right and 
left in each case would meet in a rounded curve, the top of which 
correspond to the critical temperature. We shall call the, curve 
of which both thdse line* are part& the “ boundary curve.” 

Wet and Dry Compression. 

" When compression is « carried on in such a way that the 
vapour does not become superheated it is technically called wet 
compression. When wet compression is .used the regulating 
valve is adjusted sfr that the compressor sucks in a mixture of 
vapour and liquid, with the result that the gas is still saturated 
at the end of the compression. By closing the regulating valve a* 
little the vapour passing over from the refrigerator may be made 
to contain less liquid mixed with it, and if it contains none the 
compression is said to be dry. In dry or partly dry compression 
the vapour becomes' more or less superheated. An entropy 
diagram for ammonia using dry compression is sketched to scale in 
Fig. 20. Refrigeration is there supposed to take place at — 10°C., 
and condensation at 20° C. The line CK shows, in a general way, 



Fig. 20. Ammonia Cycle with Dry Compression. 


how the entropy of the ammonia gas changes when it is super- 
t heated under constant pressure, starting from the saturated con- 
dition at C. The point K % is determined by the intersection of 
this line by the vortical line HlC through U, which represents 
adiabatic compression. It is supposed here that the compression 
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is perfectly dry ; in other words, that the compressor takes in only 
dry vajfbur. The line ^presenting the compression process in the 
diagram accordingly starts from,#, which corresponds to a state of 
complete vaporisation of the substance. Then AH represents the 
evaporation in the refrigerator, HK # the compression, KG the 
cooling of the compressed gas from it$ superheated state to the 
temperature of the condense*, GD t i ts condensation in the con- 
denser, and DA the cooling of the condensed liquid as it passes 
over into the refrigerator. During compression the temperature 
rises in this example to about 80° C. This superheating enlarges 
the area of the diagran^, and therefore increases the amount of 
work to be spent in working the machine. On the other hand, 
the refrigeration is now greater by the amount of the area under 
BH — measured down to the base line which would correspond to 
• the absolute zero of v tomperature. 

Compression starting from H may be described as completely 
dry. At H the vapour is just saturated, and as soon as compression 
begins it becomes superheated, the amount of superheat increasing 
as compression continues till the extreme amount i§ reached' at K. 

On the other hand if compression starts from >B there is no 
superheat at any stage. The substance is wet to begin with and 
remains wet until just the,end when (at G) it reaches the dry but 
still saturated state. 

Between these two extremes we have any number of inter- 
mediate varieties, for if compression starts at any intermediate 
point between B and H the substance will at first be wet, jnd will 
remain wet until the vertical line crosses GH, after which super- 
heating will begin, and the final degree of superheat will be detdK 
mined by the point at which the vertical line meets the line GK. 

An interesting question follows— how far does the wetness or 
dryness of the compression affect the efficiency of the process, how 
far does it affect thq ratio between thC heat taken up hi the 
refrigerator and the work done on the machine?* Knowing tfhe 
form of the lines in the entropy diagram, it is easy to calculate 
ho\^|piuch the ideal performance will be affected if we change 
from wet compression to dry, or to an intermediate kind, such as 
would be got by beginning to compress at some point between B \ 
and H, If you make this calculation, .you will find, in the case of 
ammonia, that it makes no very substantial difference to the 
theoretical co-efficient of performance whether^ ypu make the 
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compression wet or c ( quite dry, or anything between the two. 
With the .same temperatures of condenser and refrigerator as 
thosfc in Fig. 26 (20° C. and - 10° C.), I find that the dry process 
with the compression line HK makes the co-efficient of performance 
8 per cent, less than the wet process with the compression lipe BC. 
This comparatively small differenbo may seem surprising in view 
of the augmented range of temperature through which the sub- 
stance is carried — its upper limit is now 80° C. But it must be 
borne in mind that the great bulk of the heat is still rejected 
during the condensation at 20° C., only a small quantity being 
taken from the gas at higher temperatures in cooling it down 
to the * temperature at which condensation' occurs. If you take 
a compromise mode of working, where there is a smaller amount 
of superheating, the effect on the performance is of course less. 
If, for example, compression begins midway $ between B and H } > 
so that the amount of superheating is about half of th^t indicated 
in the diagram, say 30° C., the co-efficient of performance is only 
about 2 per cent, less than it is in the wet process, and if there 
were 15° C. of fj superheating, the reduction is barely one-half per 
cent. The moral of this is that so far as thermodynamic theory 
goes there is exceedingly little to choose between the perfectly 
wet process as it is approximately performed, for instance, in the 
Linde machine, and the more or less dry processes used by some 
'other makers. I would emphasise this because, claims of an 
extravagant kind {ire sometimes made in favour of one process 
or another, in this respect So far as thermodynamic theory is 
concerned there is little difference in the efficiencies of the wet 
and dry modes of compressing in ammonia machines. What 
little difference there is .in this regard is in favour of the wet 
process as compared with any process involving considerable 
superheating. Strictly speaking, a very small amount of super- 
heating is probably advantageous as compared with the absolutely 
wet process. It is 1 only* when we come to a distinctly high super- 
heating that there is any material falling off in the co-efficient of 
performance., All Ihesc remarks, however, require this qualification, 
that in a real machine the process of compression is never adiabatic. 
^ These calculations assume an adiabatic process, but in real 
cylinders there is always a- give" and take of heat between the 
working substance and the metal. f It is by no means easy to say 
precisely how that affects the efficiency of the process. The 

» i 
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exchanges of heat between the vapour and {lie cylinder will have 
the general effect of leaning the co-efficient of performance, and 
with dry gas the exchanges of fyeat will be less than they are *with 
wet gas. Hence it is probable, on general grounds, that the loss 
of effi<siency which such exchanges cause will be reduced somewhat 
by allowing a small amount* of superheating, and Professor 
Schroter tells me that he has experimental evidence bearing out 
that conclusion. At most, however, we cannot expect much 
difference in efficiency between the wet process and one carried 
out in such a way as to produce sortie superheating, so far as 
ammonia is concerned. JVith carbonic acid, when the upper limit 
of temperature approaches the critical point, superheating is 
decidedly advantageous, and even necessary. 

It may be added that, in general, a little superheat at the end 
•of compression is practically useful as giving evidence that the 
regulating .valve is not being kept too widely open. In other 
words it is a guarantee that we are beginning the process of com- 
pression without any excessive amount of wetness. To start 
compressing from a point to the left of B ^ould r&sult in having 
the vapour still wet at the end of compression., and would reduce 
the refrigerating effect without any compensating advantage. [It 
may be added that since {hese lectures were delivered the tend- 
ency in practice is to prefer dry compression.] 


Calculated Theoretical Performance. 

By help of the entropy diagram, or otherwise, we may estimate 
the theoretical performance in a cycle using wet compression, and 
compare it with the limiting performance in the perfect Carnot 
cycle 1 . 

I have worked out # thc figures approximately for ammonia and 
for carbonic acid, assuming the upper limit of "temperature to # be 
20° C. or 68° Fahr., and taking various lower limits, ranging ffom 
10°Jj^to — 20 J C. The results a»e given in the 'fable •below, a]ong 
with the ideal co-efficient of performance in a perfect machine, 
which is added tor the sake of comparison. 

1 This is most conveniently done, m the case of clrbonio acid, by means of the 
<f>l diagram described in the Appendix. 
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Theoretical co-efficient* if performance iv vapour compression machines , 
using ' wet compression , the upper limit of temperature being 
20° C. t the compression being tmated as adiabatic. 


Lower Limit 
of 

Theoytical Co-efficient of 
# Perfoinlance 

r 

Co-efficient of 



Performance in 

Deg. C. 

Ammonia 

Carbonic Acid 

f 

Carnot Cycle 

10° 

27*8 

211 

1 

28-3 

5° 

18-1 

13*0 

18-5 

0" 

13*2 

9*3 

130 

' - 5° 

10*2 

7-0 * 

10-7 

-10° 

• 8-3 

f)G 

8*8 

- 20" 

5*9 , 

3-8 

1 

6*3 


t The curves of Fig. 27 exhibit these results! It will be noticed 
that with ammonia the ideal performance here considered, namely, 
that of a compression machine without an expansion cylinder, is 
only a little lesfl than the “ perfect ” ideal performance which would 
be obtained by following Carnot’s cycle. Hence with this substance 



Pig. 27. Ideal Performance in Vapour Compression Machines without 
an Expansion Cylinder. 
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we should gain almost nothing by adding ar» expansion cylinder to 
the machine, nothing, certainly, that would in any way compensate 
for the increase of complexity and cost, and the loss of power and 
of refrigerating effect through friction, which an expansion cylinder 
woulch involve. 

j • 

With carbonic acid there is considerably more falling away 
from the ideal of Carnot, mainly, for the reason which I have 
already explained, that the specific heat of the liquid bears a 
greater proportion to the latent heat of the vapour, arid ajso 
because the volume of the liquid is relatively considerable. But 
even then the saving in. work which an expansion cylinder would 
bring about is not great, and in practice we never find the ex- 
pansion cylinder, even in carborjic acid machines. 

These results apply to wet compression. We shall see presently 
* that with wet compression carbonic acid is at a serious dis- 
advantage,* which is considerably reduced by making the corti- 
pression dry, or nearly dry. 

Both substances would give results falling more considerably 
short of the Carnot ideal if the upper limit of temperature were 
raised. This is notably true of carbonic acid.- Say, for instance, 
that we have to deal with machines used on a voyage through the 
tropics. The condensing waiter may have a temperature of 90° Fahr. 
(32° C.), or even more. In that case not only would the Carnot 
ideal co-efficient be lower, .but both machines would fall more short 
of it. The carbonic acid machine woujd fall* in efficiency much 
more than the other when such a temperature is approached, for 
carbonic acid is then in the neighbourhood of its critical point, but 
with dry compression it would recover a fair degree of efficiency! 

Carbonic Acid and the Critical Point. 

The critical point js the temperature above which the substance 
cannot be made to change from a gaseous to a liquid condition. 
In the entropy chart it is the temperature at which the boundary 
lin%on the right and left meet if you extend them nipwards,, In 
any substance these lines are converging towards one another as 
the temperature is raised. Go on raising it, and you find that- 
they bend to ward s # one another, and finally meet in a continuous 
curve, giving the diagram a rounded top. This appears in the 
carbonic acid diagram in Fig. 25. At any temperature below the 
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critical ;point there is «a well-defined phan^e of state between the 
liquid and' the vapour, a change which is associated with the 
taking in of heat without change of temperature, but when the 
critical point is reached there is no such change. With ammonia or 
with sulphurous acid the critical ^temperature is so high that no 
account has to be taken of in calculation relating to refrigerating 
machines which use these substances. But in the case of carbonic 
acid the critical point is comparatively low; it comes at a tempera- 
ture about 31 °C. or 88°Fahr., so that it comes within the range 
of temperatures that might have to be used in a machine working 
in a tropical climate. The effect of approaching the critical point 
is to increase what, we have called the liquid heat, namely, the 
heat that passes over in the liquid from the condenser to the 
refrigerator, in comparison with the latept heat that is taken up 
by evaporation in the refrigerator, and, consequently, to augment 
tfie loss which results from the absence of an expansion cylinder. 
The performance of carbonic ’ acid falls off very materially when 
the condensing watci; is so warm as to approach this critical 
temperature, but the machine does not by any means cease to act 
as a refrigerator, eVen when the critical temperature is surpassed. 
It has been suggested that this might happen, but by arranging 
matters so that the gas is superheated during compression a 
.respectable co-efficient of performance is maintained. 

Thanks to the investigations of Dr Mollier it is not difficult to 
estimate with precision what the theoretical performance of a 
carbonio acid machine will be under any particular conditions of 
temperature, and with any assumed degree of dryness in the 
' vapour 'at the beginning of compression 1 . 

Basing his calculations on the experiments of the French 
physicist, Aviagat, who has investigated in great detail the 
physical qualities of carbonic acid, especially in the neighbourhood 
of the'' critical point, Djf Mollier has drawn a complete entropy 
temperature chart for this substance, including the region above 
the critical point,, and giving lines for the superheating of the 
vapour. Dr ‘Mollier’s chart is reproduced in Fig. 28. The lines 
with numbers marked upon them are curves of superheating, each 
"at a constant pressure, which the t number states in kilogrammes 
per square centimetre. • , 

1 R. Mollier, “Ueber die kalorischen Eigenscliafien der Kolilensaure ausserhalb 
des Sattigungsgebfctes.” Zeitschrift fur die gesammte Kalte-Induslrie , vol. iii. 1890. 
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With the help of* this chart it is easy to trace the entropy 
diagram corresponding to any assumed cfcle, involving tempera- 
tures which lie above or below thetcritical point, and also involving 
any assumed amount of superheating. Inspection of the chart 
serves to show that whei^ the condensing temperature it Uear 
30° C., not only is dry compression advantageous, but if we were 
to attempt to prevent superheating, the net refrigerating effect 
would be nil. I cannot pass fror$ the subject without a wor<5 of 
praise for these investigations by which Dr Mollier ha£ cleared up 
some difficult points in the' theory of refrigeration. - 



As an example of the "use of this diagram, take a case where 
evaporation in the refrigerator goes on at — 10° C., and condensation 
at 21 *3° C., which corresponds to a pressure of 60 kilogrammes per 
square centimetre (or 853 lbs. per square inch). Assume that the 
carbonic acid is completely vaporised before compression begins and 
that the compression is adiabatic. The horizontal line ending at H 
(Fig. 29) represents 'che evaporating process, and the point H repre- 
sents the state cf the substance when compression begins. HK is 
the compression, namely a vertical (adiabatic) line drawn through H 
to meet the cpnstaiit- pressure curve C K for 60 kilos, per sq. cm. At 
K, w*hich is the end of compression, the temperature is found from 
the diagram to be 50° C.* KG is the process of cooling the 
compressed gas, under constant pressure in the condenser. At 
C condensation begins. The process of condensation, which is 
' represented by the line CD, is complete at D . We shall suppose 
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that no further cooling of the # condensed substance takes phxce, on 
the high pressure side of the machine. If there were an 'expansion 
cylinder, the action in it would be represented by the line 

MH 

DM , and in that case the ratio would be the wetness after 

expansion, and the area under MU would be the refrigerating 
effect. But in the absence of an expansion cylinder the net effect 
is reduced by the heat which ,the liquid carries over into the 
refrigerator *as it streams through the regulating valve, including 
the heat equivalent of the work spent upon it as it streams 
through, consequent on the difference of pressure. The net effect 
may then be estimated as the area under NU^ where N is taken 
at such a distance from M that tjie area under MN (measured of 
course to the base-line representing the absblute zero of tem- 
perature) is equal to the area DAM plus the heat equivalent 
of the work spent, namely (jh — 'pd* into the volume of the 
liquid. [DN is a line of constant total heat, see Appendix F.] 
[In Appendix F, another diagram is described which was intro- 
duced by J)r Mollier in 11)04. It affords a still more convenient 
moans of making a quantitative examination #f the theoretical 
action in a refrigerating machine, especially in cases where carbonic 
acid is the working substance. In that diagram the effect of 
using a regulating valve instead of an expansion cylinder is 
readily determiued. An example is given in the Appendix.] 

It will be obvious from the diagram Jhat there is a materia, 
advantage in cooliiig the condensed substance as far as i#ay be 
practicable on the high pressure side of the machine, before allowing 
* it to stream through the regulating valve. If such cooling* were 
carried out, it woqld be represented by Continuing the constant- 
pressure line through D downwards: the form of the lipe would be 
a curve lying somewhat to the left of DA , as is jjhown in the large 
scale diagram in Fig. $8. The further down this curve we* can 
go before aUowing the gas to expand, the less heat will be carrie*d 
over through the valve, and the greater will be the^net refrigeratfhg 
effecjj| This point is one to which particular attention should.be 
paid in practice. Condensation is in general effected at a tempera- 
ture considerably above the temperature of the cooling water. But 
it is well worth while, especially Vfien carbonic acid is used, to take 
pains to get out of the condensed liquid all’ the heat that can be 
got out of it before it passes the valve, by passir^ jt through 
e.r. , 6 


a 
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cooler which is kept as cold as possible by using the condensing 
wa£er in Sts coldest available state. 

Historical development of the vapour compression 
process.— ^Perkins’s Machine of 1834. 

Leaving questions of theory, we have now to speak of the 
historical development of the vapour compression process, and of 
the modem forms taken by vapour compressing machines. The 
process dates from 1 834, when Jacob Perkins patented an apparatus, 
which is in all essential respects the same as the compression 
apparatus used at .the present time. Sir Frederick Bramwell, in 
the Journal of the Society of Arts for December 188?,, has told the 
story of Mr Perkins s experiments, in which he took part as an 
apprentice at the works where the machine was built. He has 
told how with immense effort they succeeded on one occasion in 
producing a small piece of ice, which he immediately wrapped in 
a blanket and carried off in a cab to show to Perkins. 

Fig. 30 is a sketch based on Sir Frederick Bramwell’s de- 
scription of 'the* Jacob Perkins apparatus of 1834. P is the 
compressing pump which is fitted with self-acting valves. The 
vapour is compressed into a coil of pipe forming a tubular 
condenser, W, which is surrounded by circulating water. From 
the condenser it pasS^s< in a liquid state, through the loaded 
throttle valve, D, into, a chamber formed by the space between 



Fig. 30. Vapour Compression Refrigerating Machine by Jacob Perkins, 1834, 
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the two bottoms of the t freezing basin, A, vfliere it is vaporised, 
and from which it returns to the compressor. We have here# all 
the elements of the modern comjfression machine, and Perkins was 
no doubt warranted in making the wide claim which is stated in 
his patdht. He claimed (Patent DJo. 6662 of 1834) “The apparatus 
or means, as above described, jvhereby T am able to use volatile 
fluid /or the purpose of producing the cooling or freezing of fluids, 
and yet at the same time constantly condensing such fluids, and 
bringing them again and again into operation without waste.” The 
fluid he meant to use was sulphuric ether, but the experiments 
were made with a liquid produced by the destructive distillation 
of indiarubber, about which I can learn nothing definite beyond 
what Sir Frederick Bramwell has told me, namely, that it smelt 
abominably. It was the intention of Perkins to establish an ice 
factory in the River Thames by putting some of these machines ii\ 
barges and driving them by paddles which were to be turned by 
the ebb and flow of the tide. 

Though it must be admitted that this means «of getting a 
supply of power was somewhat visionary., the refrigerating machine 
in itself was a thoroughly practical invention. As an inventor, 
however, Jacob Perkins was in advance of his time, and for many 
years his ideas bore no fruit. # It was not until 1857 that the 
compression process came into commercial application. Then a 
machine using sulphuric ether was introduced by James Harrison, * 
of Geelong. It is interesting to find a Chloniaf engineer taking 
this important step in the development of the process, an3 it is 
t appropriate, for certainly no parts of the world have profited more* 
from mechanical refrigeration than have $he Australian colqnies. 
On its introduction* by Harrison the ether machine quickly came 
into considerable use, its manufacture being taken up ih England 
by Messrs Siebe and Gorman. But the other*machine is now 
obsolete. It had the drawbacks to which reference has already 
been made.* The bulk was large in comparison with machines 
using other vapours, which came later into vogue.* Thp pressure, 
both the high and on the low pressure side, was considerably 
lower than the pressure of the atmosphere, consequently there was 
a tendency for air to leak inwards.* Finally, the vapour of ether 
was highly inflammable. Io was to take the place of an ether 
machine at the Bathgate Works that Kirk invented his regenera- 
tive air machine, which I described in a former IScttire, for the 

6-2 
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ether' machine had produced a cataetropfye by allowing the vapour 
totleak out, filling the room with inflammable gas and causing a 
conflagration. * 

Chloride of methyl was proposed as a working substance for a 
compression refrigerating machine by Vincent in 1878, 'and was 
brought into use to a snutll extent, about 1884. 

Sulphurous Acid Machine (Pictet)* 

The sulphurous acid machine dates from 1875, when it was 
introduced by M. Raoul Pictet. An example of it is shown in 
section in Fig. #3. 

This machine is well known in France and Switzerland, but is 
not much used elsewhere. Owing to the comparatively low vapour 
, tension of sulphurous acid the construction differs in many points 
of detail from that of machines using ammonia or fcarbonic acid. 
The condenser, A, which is much like an ordinary marine con- 
denser, consists of ;> group of parallel tubes set between two tube 
plates. The compressed. vapour is delivered through the pipe, 1), 
to the space surrounding the tubes, while the cooling water, 
entering at Z, circulates up through the tubes and down the 
annular space outside to the exit at ill. The sulphurous acid 
passes in a liquefied form through the regulating valve, 7l, to the 
refrigerator, C, which v: built up of horizontal drftms connected by 
vertical Eubes, and is immersed in a tank of brine. In this example 
the brine is used to freeze water in cans, one of which is seen in 
« section at H. The brine is kept in circulation by the screw pump 
G. The cylinder is furnished with a water jacket to keep down 
the temperature of the gas during compression. This makes a 
variation 'from the simple process of compression and we fre- 
quently find the same feature in machines using other vapours. 
,Thc gas is kept by .the jacket from getting so hot as it would 
<V> if the compression were strictly adiabatic. Referring back to 
the entropy diagram, the effect of the water jacket is to bend 
the compression line backwards. Instead of being straight and 
vertical, as the line is for an adiabatic action, it is bent to the left 
as it rises, heat being taken a.w^y by the jacket during the com- 
pression. Hence th# compression line intersects the constant- 
pressure curve for superheating at a lower point than an adiabatic 
line would fhbbrscct it ; in other words, the amount of superheatipg 
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is less. The work done in compressing the substance is also less. 
A water jacket is often* used in vapour compression machines, 
whether the working substance, is sulphurous acid or another 
substance. In Pictet’s machine, however, the water jacket extends 



not only round the barrel of the cylinder, but also through the 
interior of the piston and the piston-rod. The piston-rod is hollow, 
and communicates with the wa!tef jacket by means of two flexible 
pipes. A feature of these machines is the absence of lubrication, it 
being claimed that the working substance itself acts sufficiently as 
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a lubricant of the cylinder and piston. In his refrigerating practice 
Pictet hac used for working substance k special fluid, consisting 
mafaly of sulphurous acid, bu,t with the addition of about 
3 per cent, by volume of carbonic acid. 

* t 

Ammonia Machines (Linde). 

The ammonia machine was introduced by Dr Carl Linde, then a 
professor at Munich, in the year 1876, and was brought into use In 
the following year. His English Patent was No. 1458 of 1876. The 
convenient range of pressure of ammonia and the comparatively 
small bulk of the machine commend it to general acceptance, and, 
further, it has, as I have pointed out, a thermodynamic advantage, 
in giving a cycle which makes a closer approach to the ideal cycle 
of Carnot than is got with any of the others substances that are 
practically used. The design of the Linde machine has been 
carried out with conspicuous care, and it owes much of its great 
success to excellence in mechanical detail. • 

A very large proportion of the whole work of refrigeration done 
for com merer, il purpose lfc now done by ammonia compression 
machines, especially in cases where economy of power is a leading 
consideration in determining the choice of apparatus. For there 
can be no question that, whatever the merits of other types, the 
ammonia compression machine stands easily first as regards the 
ratio of refrigerating effect to power expended in producing it. 

Fig. 32 shows in section a compressor of the characteristic 
Linde type. It is double-acting, with spring inlet and delivery 
valvesu at each end. The valves in the ends of the cylinder are 
so arranged as to make the clearance space particularly small — 
something lpce half of one per cent, of the volume swept through by 
the piston. This secures a nearly complete delivery of the contents 
of the cylinder at each stroke. An interesting detail about these 
Machines is the construction of the stuffing-box. To prevent 
escape of the ammonia the device is adopted which used to be 
called in steam-engines a lantern brass. The packing is divided 
into two parts, with a hollow space in the middle, and the space is 
in this example connected by a pipe with the suction side of the 
machine. Hence any ammonia which leakg through the inner 
part of the packing is carried away to the suction side, and not 
lost, and thq, ojiter part of the packing is exposed to no more^ 




32. Oppressing Cylinder of the Linde Ajnmonia^Iachine. 
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pressure than the difference between the pressure on the suction 
side and Chat of the atmosphere. Any 1 leakage to the outside 
depends upon that difference of pressure, and not on the much larger 
difference of pressure which exists between the compression side of 
the machine and the atmosphere. Another point of importance is 
the lubrication. Oil drcvlates through a hollow in the gland, 
and spreads itself over the surface of the piston-rod. No more oil 
is used than is required for the lpbrication of the piston-rod. In 
tfiis respect the Linde machine differs from some othbr examples 
of ammonia machines, in which oil is injected into the cylinder and 
is allowed to mix in considerable quantity with the working 
vapour. [In the hater practice of the Linde' Company the use of a 
circulating pump for the oil is abandoned, it being found sufficient 
to use a sight-drop lubricator which allows a small quantity of 
oil to enter the cavity of the gland and sq lubricate the rod.] 1 
Even here, however, there will be some slight admixture of oil 
with the ammonia, and as it is desirable to remove the oil before 
the ammonia is condensed, in order to prevent a deposit which 
would interfere with the activity of the condensing surfaces, an oil 
separator is used in the larger sizes of the Linde machine. This is 
an upright vessel, through which the ammonia from the com- 
pressor passes, depositing in the bottom any oil that it brings over. 
Tlie oil is drained into a second vessel below, which is exposed to 
the suction pressure only, so that most of the ammonia contained 
in the oil, evaporates before the oil is drawn off. The machine and 
all pay&s of the system arc made of iron and steel, no brass or 
copper being permissible. There is no water jacket, for wet 
compression is used, and the ammonia when it leaves the cylinder 
is cooi. Linde usually makes his compression cylinder horizontal, 
except in the smallest sizes; the steam cylinder is also horizontal, 
and drives on a crank set at right angles to the crank of the 
compressor. This form is preferred to tfye tandem arrangement 
o'r steam and ‘compression cylinders, on the ground that it gives 
• a hiore uniform crank-effort. With the tandem arrangement the 
steam -ju'essure is least when the* compressor pressure is greatest. 

[In the more recent practice of the German Linde Company 
the tendency is to use dry compression, and water jacketing is 
resorted to in the larger machines,* but the British Linde Company 
continues to prefer wet compression, which is claimed to have the 
advantage tl}at c it enables the regulation to be more easily effected 
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which is required to maintain a maxinyim of efficiency in 
working, and that it k£eps all parts of the compressor tool and so 
permits of good lubrication.] • 



In the largest sizes the machines have an ice-making capacity 
of about 60 tons of ice a day, for a single compressor, but two , 
compressors are not unfrequenfly combined in one machine. As 
made for marine u$e, the compressor is occasionally compound, the 
process of compression being conducted in two successive stages. 


Fig. 33. JLinde Ammonia Machine. Marine Type. 
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In another form , of large machine, a compound horizontal 
steam-engine is used along with two pai*allel compressors, each 
steafli cylinder being set tandem, with one compressor cylinder. 
An example of the Linde machine, in one of its marine types, is 
shown in Fig. 33. In the hands of Dr Linde’s companies in 
England, on the Contioeijt of Europe, and in America, the 
ammonia compression machine has 'achieved a very conspicuous 
success. The result of tests will be quoted, in the next lecture, 
illustrating the performance of the ammonia compression machine. 
For use in cases where lar^e amounts of refrigeration have to be 
effected, its high efficiency gives it preeminence over other types. 
For usd in confined spaces on shipboard, however, ammonia is by 
no means an ideal working substance, and the question of efficiency 
gives place to other considerations which often lead to the selection 
of types in which the co-efficient of performance is less. 

Other Ammonia Machines; De la Vergne system. 

Other amnionia machines, more or less closely resembling 
these, are made by the F^lsometer Company, and by Messrs 
Haslam. In America there are a host of manufacturers of 
such machines. Some follow Linde .without much variation; 
otheis adopt a drier method of compression, as for instance 
the De la Vergne Company, whose machine has a great vogue 
in the United Statps, and has also met with considerable success 
in England,, in the hands of Messrs Sterne. This presents a 
number of interesting points of difference from other ammonia 
machines, the most characteristic one being the amount of oil 
injected into the cylinder. The cylinder is vertical, and the 
clearance spaces, which are comparatively large, are filled .with oil. 
The piston works down into a bath of oil at the bottom of the 
cylinder. The oil passes' through a valve in the piston on to the 
top* and when the fnstoii rises it carries the oil up with it, forcing 
it aguinst a movable head at the top of the cylinder, which rises 
to let the oil escape. Fig. 34 is a section through a De la Vergne 
compressor. In this case the compressor is single-acting, the 
lower end of the cylinder being permanently in connection with 
the suction side of the machjne, but double-acting compressors are 
also used. It is claimed that the Oil in this System serves four 
functions ; it lubricates, it seals the glands, the valves, and the piston 
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rings, it gets rid of the effects of clearance, and to some extent it 
cools the ammonia during compression, much as a water jacket 
would do, preventing the temperature from rising so high as it 
would rise if the compression were adiabatic. The ammonia 
is, however, considerably superheated.. 



Fig. 84. Single-Acting De la Vergne Compressor* 

4|jne avoidance of clearance i§ scarcely perfect, for 6il left in the 
clearance space, being more or less absorbent of ammonia, gives 
off a certain amount of ammonia gas during the return stroke, • 
when the pressure # is reducect • 

The De la Yergne compressor is carried on a frame vertically 
above the crank, and the steam cylinder is Jiofizontal. The 
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diagram, Fig: 35, is aigeneral view o£ a De la Vergne apparatus, 
including aft oil-cooler as well as a condenser. The condenser in 
this example is of a type which practically all the makers of re- 
frigerating machines often use. Instead of being composed of coils 
submerged in a tank, it is ir\ the form of a group of pipes, arranged 
more or less horizontally in an open stack, and a fine stream of 
water is caused to drip over them, while the whole is exposed to 
the free access of air. This is the “ evaporative ” or " atmospheric ” 
type of condenser ; it is frequently used for stationary plants in 
preference to the submerged condenser, because it requires very 
much less water. Such condensers arc preferably set on the roofs of 
buildings or in othei; places where there is much movement of air : 
in some cases a fan is used to increase the atmospheric circulation. 
In condensers of the evaporative type the condensing water 
absorbs heat not simply by rising in temperature, as it does in a ' 
submerged condenser, but by evaporating, and the latent heat of 
water is so large that the amount of water required is a mere 
fraction of the quantity that would have to circulate through a 
condenser of the submerged type. The condenser in this example 
is divided int<? a number c?f sections, from which the ammonia 
drains into a storage tank, whence it passes through a regulating 
valve to the refrigerator. It should be understood that the evapora- 
tive type of condenser, though it happens to be illustrated here in 
connection with a De la-Vergnc plant,. is by no means peculiar to 
that system. The 'Linde Company rarely use any other type of 
condenser, and it is a favourite with other makers also, especially 
when economy of condensing water is aimed at. 

The refrigerator in Fig. 35 is made_ up of a scries of pipes, 
placed ‘ in the room whibh is to be kept cole]. The ammonia 
expands in t]iese pipes, taking heat directly from the surrounding 
atmosphere of the f room. This direct expansion, as it is called, is 
a usual feature in the De la Vergne plant but is not at all 
peculiar to it. To aid the expansion pipes in taking in heat 
from the air their surface is increased in this example by a 
number of crist-iron discs, but the' 1 advantage of these is probably 
slight after the pipes become coated, as they quickly do, with frozen 
moisture from the air. [The difficulty with the snow is in fact 
such that the use of these discs is now generally given up in new 
plants, and in some cases where they were fitted in the first 
instance they.hgve been removed.] The oil, which is a charac- 
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teristic feature in the De # la Vergne machine, passes from the 
compressor to a separating tank, and to a cooler, which* is arranged 
in much the same way as th£* condenser, in the form of a stack 
of pipes with dripping water. After being cooled the oil is again 
injected into the cylinder. There is tjius a continuous circulation 
of oil as well as of ammonia. « * 



r 


There is no question that Wiese, machines work exceedingly 
well, but I am not prepared to say that the excellence of their 
working is due to the oil circulation. It is difficult, on any ground 
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of thenpo-dynamic or'Other theory, tQ suggest a reason for expect- 
ing any nuCrked advantage to result from this oil circulation, and 
there is no doubt, on the other hafad, that it leads to .a material 
increase in the complexity and cost of the apparatus. £It may be 
added that in the later practice of, this firm the use of oil infection 
is to a great extent givefi up.] 

Carbonic Acid Machines. 

One type of vapour compression refrigerator remains to be 
spoken of, the highly important type which uses carbonic acid as 
working substance., Carbonic acid machines were patented by 
Raydt in 1881, and by Windhpusen in 1886. It is proper to 
mention that Professor Linde was one of ,the first, if not the very 
first, to introduce carbonic acid practically* as a medium of' 
refrigeration. In 1882 he supplied to Krupp’s firm; at Essen, 
a carbonic acid machine, but * he preferred ammonia on thermo- 
dynamic and other grounds. The carbonic acid machine, is 
particularly associated with the name of Windhausen. His patents 
were taken up f in England 'by Messrs J. and E. Hall of Dartford, 
who have successfully faced the difficult mechanical problems 
involved in compressing, condensing anti re-evaporating, without 
serious loss, a substance which reaches a pressure of over 1000 lbs. 
on the square inch in tlje, high-pressure side of the apparatus. 
Thanks in great measure to good constructive features introduced 
by Mr F. Hesketh and the late Mr A. Marcet of that firm, tjie 
carbonic acid machine has become in Messrs Hall’s hands a 
thoroughly practical means of refrigeration. It is specially 
suitable for use on board ship on account 'both of its compactness 
and of the , comparative harmlessness of carbonic acicl should 
leakage take place, The high pressures make it necessary to 
adopt arrangement? which arc considerably different from those 
adopted in ammonia machines. Figs. 36 and 36 a give sectional 
views of the cylinder of a small double-acting carbonic acid com- 
pressor by Messrs Hall. Fig. 36 is a longitudinal section showing 
the piston, the gland, and the two delivery valves. Fig. 36 a, which 
is reproduced here on a somewhat larger scale, is a transverse 
section showing the suction valve as well'as the delivery valve at 
one end of the cylinder. The construction of the valves will be 
apparent from F'g. 36 a, where the delivery valve is drawn in 
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sections The piston*rod is packed f by two cup leathers, a form 
of packing special ly suitable to keep the gas from escaping at the 
higli pressures under which compression is carried on, and similarly 
the stuffing-box is also packed with a pair of cup leathers, and 



• Fig. 30 a. Transverse Section through Hall’s Carbonic Acid Compressor. 

the space between them — the lantern of the stuffing-box has oil 
or glycerine ' 1 compressed into it' which serves as the lubricant. 
The lubricant is continuously forced into the lantern at a pressure 

i The lubricant used at the date of thbsedectureq was glycerine, but Messrs Hall 
inform me that for some years past they hare substituted Sor glycerine a special oil 
’with a low freezing point (about - 20° Fabr.) as this is more effective and cheaper 
(1908). 
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higher than the highest pressure reached hy the carbonic acid. 
Consequently it is continuously leaking in small quantities into 
the cylinder through the inne*.cup leather. A small quantity 
of the lubricant also leaks out through the outer cup leather; 
but this device secures that the leakage^ shall be a leakage of the 
lubricating fluid, and not (mainly at lqpsfr) a leakage of carbonic 
acid. The oil is forced into the lantern by means of a lubricator 
in tfie form of a differential piston, on the smaller side of which is 
the lubricating fluid while the larger side is exposed to the fujl 
pressure of the gas. * 

[Metallic packing is now (1908) sometimes employed in car- 
bonic acid machines, and the results as regards reduction of 
leakage are good. It is claimed that the loss of the working 
substance is so small that a machine may be kept in constant 
use for a year without requiring to be recharged with gas, 
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but though excellent Results have been obtained in some instances 
it appears 'that most users still prefer cup leathers.] 

The small volume of the compressing cylinder and of the 
working substance makes these machines exceptionally compact. 
A small carbonic acid machine by Messrs Hall for marine use is 
shown in section in Figs. 37, 37 a and 37 b. The steam-cylinder 
and the compressor are arranged vertically side by side on a casting 



containing the condenser coils. These are of copper, and behind 
is ailother tank containing the evaporator coils, over which a 
circulation of brine is maintained. At the side is a separator 
which serves to extract the lubricating oil from the compressed gas. 

In small carbonic a<pid machines the compressor is made out of 
a gun-metal casting, but in larger forms it is bored out of a solid 
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ingot of steel, cast-iron being unsuitable for this purpose partly 
because of the difficulty of getting castings quite •free from 
porosity and partly because it%p less easy to get with them* the 
perfect surface of bore necessary for a long life on the part of the 
piston* leathers. A single steel ingot jis cut in two to form two 
compressor cylinders, and thus the porous central portion of the 
ingot is avoided. * 



In the larger machines a pair of compressors are set horizon- 
tally, one in tandem with each of the cylinders flf a horizontal 
compound steam-engine. In some the engine is triple, the Wgh 
ancUJatermediate cylinders being on one rod ancl the low on. the 
other/ 

[The manufacture of carbonic acid machines, as an alternative 
type specially suitable for, marine Use, Y\as now been taken up by 
the Linde Company,' Messrs HaSlam, the Pdsometer Company and 
other engineers who also supply ammonia machines.] 

r— 2 
* 
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Absence *of an Expansion Cylinder ih all practical types 
of Vapour Compression Machines. 

In none of these machines is there an expansion cylinder. 
The thermodynamic gjpn 1 which would be secured by its use 
would, as we saw, not be very great. The theoretical advantage 
[as may be seen from the example worked out in Appendix F] is 
not inconsiderable in the case of tiarbonic acid, especially when the 
temperature of the coolkig water is high. But much of this 
advantage would be lost in practice through friction in the 
expansion cylinder, which would not only detract from the work 
recovered, but woUld also communicate heat to the working 
substance and so reduce the gairi in refrigerating effect. Another 
point which affects the question is this, that an expansion cylinder 
o f the proper size for one pair of temperatures would not be 
suitable for other temperatures. The ratio of volumes swept 
through by the compressor piston on the one hand, and by the 
expansion pistbn on the other hand, would have to depend upon 
the particular temperatures ,of the refrigerator and the condenser. 
It would not be the same when these temperatures varied, and, con- 
sequently, in order to get the full advantage derivable from the use 
of an expansion cylinder in a machine liable to work under various 
' conditions of temperature, it would be necessary to have some 
means of altering^ the relative speed of the expansion and the 
compressor pistons, and that, of course, would introduce very 
considerable additional mechanical complexity. Mr Windhausen 
tells mo that he has often urged on manufacturers to add an 
expansion cylinder, but fy is scarcely sui prising that it is not done. 


Mixed Compression and Absorption Machine. 

In addition to the various types of machines which we have 
reviewed, there i§ a curious compromise type of machine, midway, 
as it were, between the absorption type and the compression type. 
This is a machine which has been developed by Osenbriick. 
He employs what is essentially an absorption machine, but with 
the addition of a compressor cyfin&er, which inhales the vapour of 
the ammonia from ttie refrigerator, and compresses it to a con- 
siderably higher pressure before it is absorbed. In' other words, 
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instead of having the pressure in the absorber equal # to the 
pressure in the refrigerator, which is the usual arrangement in an 
absorption machine, Osenbriids produces a step-up in pressure 
between the refrigerator and the absorber, the step-up being 
effected by the agency of a compressor ^cylinder. I have not heard 
whether this principle has found application ; it seems not unlikely 
to share the fate which generally attends compromises. 




LECTUitE Y. 


Trials of Refrigerating Machines. 

♦ 

We have endeavoured to compare the various types of machine 
from the standpoint* of thermodynamic theory, but the conditions 
in real work are too complex to allow any theory to agree more' 
than approximately with the focts. For more exact knowledge of 
co-efficients of performance an appeal has to be made to experi- 
ment. Trials of refrigerating machines have been carried out, not 
in great numbers, but in several cases with all possible care, and 
have yielded data* of much value. In the most complete trials 
three quantities are observed — the work done, the heat absorbed, 
and the heat rejected. The work done is most directly determined 
by taking indicator diagrams from th'e compressor cylinder, just as 
a steam cylinder is indicated, but with one or two differences in 
points of detail. For example, in the ammonia machine the 
indicator should be entirely composed of iron or steel on account of 
the chemical action of ammonia on brass, and further the connect- 
ing pipes which lead to the indicator cylinder itself should be 
considerably smaller than they usually are in steam-engine work, 
in order not jbo add unduly to the volumes of the clearance. The 
clearance is generally so small in a compressor that unless this 
precaution is attended to the very act of taking an indicator 
diagram will alter materially the form of the diagram. , There is 
no serious difficulty in taking good indicator diagrams in ammonia 
machines, but carbonic acid confpressors are more awkward on 
account both of the smallness of the clearance and the greatness of 
the pressure. When it is impracticable to indicate the compressor 
a good idea of the work done in it* may be gqt by indicating the 
steam-cylinder and allowing for the frictional loss in the engine 
and compressor. , Best of all, however, is a direct measurement ^ 
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(when it can be made) of tho power expanded in # driving the 
compressor — including Aot only the work spent in the compressor 
cylinder, but also the work spoqt in overcoming friction. SiAjh'a 
measurement is possible when a transmission dynamometer can be 
introduced between the compressor and the source of power. In 
electrically driven plant a very close .estimate can generally be 
arrived at by measuring the electrical energy supplied to the motor 
and allowing for the motor’s efficiency in estimating how much of 
this is usefully transmitted. 

The second quantity to be measured in a systematic test is the 
heat which is given up in the condenser. For this purpose trials 
are best made with Submerged condensers, not with the Open-air 
evaporative condensers which are so largely used in ordinary work. 
With a submerged condenser, we measure the quantity of cooling 
water that is used apd the amount by which its temperature rises. 
Suppose, further, that the machine is applied to the cooling v£ 
brine or some other liquid. Then, in a precisely similar way we 
can measure the amount of heat which is taken up in the brine by 
causing it to circulate through the refrigerator anil observing the 
quantity which circulates in a gi\fen time and tfie extent to which 
its temperature is lowered in passing through. To make the 
conditions steady in a trial the brine must in some way be warmed 
up again before it returns to* the refrigerator. The range of ‘this 
alternate cooling and heating of the brine *ieed not be wide, so that* 
the absorption of heat may take place nearly at one temperature. 
In the chief experiments which have been carried ouUsp^ially to 
test the performance of such machines, lh§ refrigerated brine has 
generally had its temperature raised by steam-heating — that is ft> 
say, it has been removed from the refrigerator into a vessel where 
it has been subjected to the action of a coil of steam-pipes 
sufficient to raise its temperature through a few degrees, and then 
it has been put baclj into the refrigerator, and so on, a con- 
tinuous circulation being kept up. 

y « 

The Thermal Balance-Sheet or Heat Account. 

If all these observations are carried out, we have the data for 
drawing up a thermal balance-sheet few* the refrigerating machine. 
On one side is the amount of h # eat rejected,^ ; on the other is the 
heat absorbed, Q u , together with the thermal qqiy valent of the 
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work done, W. If w? had a perfectly accurate measurement of all 
the heat rejected, and, again, of all £he hdht absorbed, and all the 
work done, the two sides of the; ‘account should balance. You 
never find them balance, and why ? Because, in the first place, 
heat is taken up from the surrounding atmosphere to an extent 
which we have no means qf directly measuring. The brine tank 
and the pipe leading from the refrigerator to the compressor, and 
so on, are at a temperature below that of the atmosphere, and 
however well they are lagged with non-conducting material, we 
cannot avoid a leakage of 'neat in from the outside. Then, again, 
in addition to the work done in the compressor, as measured from 
the indicator diagram, there is a term which tnay be of considerable 
importance, especially in small machines — the work spent in 
overcoming the friction of the, piston rings and gland o£ the 
compressor cylinder. This work is given to t^e working substance* 
as heat, and should form an item on that side of the. account on 
which are summed the heat .absorbed by the substance and the 
work spent upon it. 

The discrepancy found in trials between the two sides of the 
account is of the kmd these considerations would lead us to expect. 
The heat extracted from the brine, plus the heat-equivalent of the 
indicated work in the compressor, is less than the heat rejected 
to fhe condenser, by some 3 or 4 per cent, in the most careful 
' experiments. 


Trials by the Munich Commission. 

Outf experimental knowledge of the performance of refrigerating 
machines is mainly due to the enterprise of the Polytechnic 
Society of Munich. More than 10 years ago that Society entrusted 
a Commission with the task of undertaking trials. The first 
report of the Commission was issued in 1887 1 , the second report 
in' 1890, and, there has since been a third briefer and less detailed 
repdrt issued in 1803. The trials were conducted by Prof. Schroter, 
who. has had an unrivalled expeiience in such work; they were 
carried out in the most scientific spirit, and the results command 
the fullest possible confidence. The report of 1887 deals with 
a large number of different, types oi refrigerating machines, which 

1 Untersuchungen an Kdltemaschinen verschiedener System (Munich; R. Old- 
enbourg). 
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were tested while doing their ordinary commercial duty. Among 
them were ammonia abfcorptftm machines, a vacuum gbsflrption 
machine using water and sulphuric acid, compression machine! of 
various types, and a Bell-Colcman air-machine. Then in the 1890 
report .results are given of tests which were made under what 
one may call more scientific conditions. In the interval between 
those two reports the Commission established, at the instigation of 
Prof? Linde, a testing station supplied with every requisite for 
carrying out. trials in the most complete manner. It invited the 
various makers of refrigerating machines to send their machines 
for trial, and tests were ymde on two machines, namely, a Linde 
machine using ammonia, and a Pictet machine using sul])hurous 
acid. The report of 1893 gives the results of ’further trials made 
with # another Linde machine embodying all the most recent 
improvements. In Fig. 38 the chief results of these trials of 
vapour compression machines arc graphically set forth, namely, 
those in the report of 1890, where a Linde machine and a Pictet 
machine were tested ; and those in the report of 1893, where an 
improved Linde machine was tested. The culves haVe been drawn 



Fig. 38. 


to show the co-efficient of performance wh»n tin? brine had vtyious 
temperatures. The brine was alternately refrigerated and re-heatgd 
by steam,* through 3° C., or approximately 5° Fahr.,Tmt its mean 
temperature is taken in drawing the curves. Observe that the 
ammonia machine was somewhat better than the sulphurous 
acid machine in the trials of 1890. This is what we should expect 
from the theoretical con^deratioift already discussed. Further, in 
the trials of 1893, Various small improvements brought about a 
still higher* performance. The results then obtained represent 
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what we may call the high-water mark of refrigeration, so far, 
at least, ap definite tests have beeit made. It is true that these 
experiments were made with a comparatively small machine, one 
taking only about 16 horse-power to drive it, and no doubt better 
results might be obtained with a larger machine, for in refrigerat- 
ing machines, as in stegim-enginfcs, increased power and size give, 
within limits, increased e&ciency by making the incidental losses 
due to friction and conduction form a smaller fraction of the whole 
effect. It is a remarkable fact that the performance* is so good in 
a machine of so moderateta size. 

The following Table (p. 107) gives r a summary of the results 
got in* Prof. Schroter’s final trials of a “ 12-^on ice-making” Linde 
machine, driven by a single cylinder steam-engine, which was 
doing about 16 indicated horse-'power. The condensing water was 
supplied at 10° C. and heated to 20 v C. in going through the 
condenser. The figures relate to four trials, with various brine 
temperatures, the interval of temperature through which the brine 
was cooled being 3° C. in each case. 

The heat Account for one of the trials (the third) is subjoined, 
the quantities all, being stated* in British thermal units per lb. of 
feed supplied to the boiler. 


Thermal 

UnitB 


Units of heat rejected to 
cooling water in condenser , 702 


702 


Thermal 

« 

Units 

Units of heat extracted from 


brine 

565 

Heat equivalent to indicated 


work in the compressor ... 

113 

Balance unaccounted for (be- 

* 678 

ing 3 4% of the whole). ... 

24 


~702 


• It will he sden that the effective indicated work in the 
compressor is from 85 to 90 per cent, of that/of the steam 
cylinders — a large proportion. The last two lines in the Table 
make it possible to compare these performances with those of 
absorption machines, where heat is directly applied to produce 
cold. They give the amount of i»he refrigerating effect on the 
brine per lb. of steam 'supplied to the engine, and also the ratio of 
the refrigerating effect Q a to the heat Q supplied in the steam. 
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Comparison of performance *of Vapour Compression 

i r Machines with other types. 

* 

We saw (p. 58) that Professor Denton, in his trials of an ammonia 

absorption machine, obtained a heat ratio of only 0‘26, and this 

is the highest figure for such machines of which there is^ any 
record. Professor Schrdter, in the earlier report of the Munich 
Commission, made some trials of absorption machines, *but obtained 
somewhat less favourable? results. Compare this result with the 
figures given here for a compression machine. Against the 02G 

< 4 Q 

of the absorption 'machine we have about 0*6 a s the ratio of -r 

under like conditions as to temperature, for the conditions in the 
absorption machine trials came about 'midwjay between those of 
the second and third tests in the Table. It may bo concluded, so 
far as we have definite data, that a good compression machine may 
extract from 2£ to 3 times as much heat as a good absorption 
machine, both being supplied with equal amounts of heat (in 
steam), and b^th forking between the same limits of temperature. 

Again, if we compare these figures with those relating to air 
machines of the Bcll-Coleman or other types, we find the co- 
efficient of performance of the ammonia compression machine to be 
about six times as great as that of the.air machine, I pointed out 
(pp. 3G, 4}) that If irk s regenerative air machine had a co-efficient 
of nearly ope, but that the co-efficient in the Bell-Coleman type was 
more generally 0 6 or 0‘7. This is in cold storage uses, when the 
brine temperature (if brine were used) would be about 15°*Fahr. 
The co-efficient in these -Linde trials for this brine temperature is 
between five and six, or if we take the indicated work in the 
steam cylinder as the datum of comparison, it is about four or five. 
That, in round number's, is about six times as good as anything 
obtained with ‘an 'air ihachine under the actual conditions of cold 
storage. 


Comparison with Ideal Performance. 

It is further interesting to compare these figures with the 
calculated performance of< ideal machines. Take as an example 
the second experiment 1 '' in the Table on p. 107. The ideal value of 
the co-efficient qf performance of an ammonia refrigerating machine ^ 



TRIALS* GF REFRIGERATING MACHINES * 


'109 


following that cycle, but without any losses other than those which 
are absolutely intrinsic In thS cycle (due to the absence • of an 
expansion cylinder), would be 102 ; the actual co-efficient is 7 '2. tfn 
other words, the machine as actually tested has an efficiency which 
is fullj* 70 per cent, of the ideal efficiency of the process. By the 
ideal efficiency, I mean the effibiency 'of, the compression cycle 
working between the same litliits of temperature with adiabatic 
compression and without any incidental losses. It is a very remark- 
able fact that the real machine shduld be able to achieve 70 percent, 
of the efficiency of an ideal machine. If we turn to the steam*- 
engine, we find in general, that the proportion between the real per- 
formance and the ideal performance is not so good as this^and if 
we turn to any other form of refrigerating machine, the absorption 
type or the air machine, we find thfit the real performance is a very 
much smaller fraction of the ideal. One may say that a strong 
point to th6-credit of the ordinary compression typo of refrigerating 
machine is that it is able in practice^ to approximate nearly to its 
own ideal as well as having an ideal not far short of the perfect 
Carnot ideal. If we compare the experimentfally-foftnd co-efficient 
of performance with the ideal of -the Carnot cycle^ we find that 
with the same limits of temperature the actual performance comes 
to over G8 per cent, of that perfect standard. There is, therefore, 
no very great margin for improvement in the performance of such 
a machine. The real performance must fall short of the ideal for * 
reasons which have already been suggejftgd. There is loss through 
conduction of heat from outside to cold parts of the machine. 
There are losses due to the friction in the cylinder, and there is the 
loss which proceeds from exchanges of heat between the working 
substance and the metallic surface with which it is brought in 
contact, during compression. This is an action like that which 
steam engineers fully recognise now-a-days as occurring between 
the steam in an engine and the cylinder walls/ The exchanges of 
heat there result in a diminished efficiency of performance, andin 
the same way the general effect of the exchanges in *a refrigesating 
mr iiine is to take something away from th # e performance as 
calculated from an adiabatic process. 

Further Data from Trials. 

In addition to these imporfant results published by the Munich 
Commission, certain other, data are available, which are in general 
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accordance ^with them. Professor Denton has published in vol. 12 
of the'“ Transactions of the American Sodiety of Engineers*’ a test 
of 'a much larger ammonia compression machine, made by the 
Consolidated Ice Company, working with a process of dry com- 
pression, and, therefore, differing in this detail from the Linde 
process. He found a , co-efficient of performance which comes 
between the Linde results of 1890 'and those of 1893. This bears 
opt the remark made in discussing wet and dry compression to 
the effect that from the theoretical side it does not much matter 
whether the process is conducted in the Linde manner with wet 
ammonia, which remains saturated during compression, or with 
dry ammonia, which becomes superheated'. I said that the dry 
process was theoretically a little less efficient than the wet, and 
Professor Denton’s, tests, although made with a larger machine 
than either of the machines used in those t f ests, did in feet give 
a result somewhat inferior to the best tests obtained with the 
smaller Linde machine. 

Tests of a Small Ammonia Machine. 

, , ■■ * 

Thlough the kindness of Mr Lightfoot, I have been able to 
make some tests in the Engineering Laboratory at Cambridge 
with a small ammonia compression, machine of the Linde type. 
No results seem to have been published hitherto fpr a quite small 
ammonia compression niathine. In this case the machine took 
only about 1J horse-power; it is nearly the smallest machine 
made fty the Linde Company. The trials were carried out in 
manner very similar to Professor Schroter’s, except in one 
particular where the procedure was novel. The brine, instead of 
being taken out of the refrigerating tank, heated, and «put back 
again, was Continuously heated while it was in the refrigerating 
tank v by electric means; A number of cans in the brine tank, 
which usually serve for ice-making, were partly filled with frames 
containing incandescent electric lamps. These cans were im- 
mersed, in the brine, and were fastened down by the non- 
conducting cover of the tank. The lamps, when excited by the 
electric current, heated the brine, and the current was adjusted so 
that the heating by the electric lamps exactly balanced the cooling 
by the refrigerating mashine. The're was no practical difficulty in 
Adjusting the electric current to keep the temperature ^of the brine 
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steady, and when such a state of balance was, arrived ,^it then the 
amperes and volts of the current showed how much* heat was 
being given to and taken fronpjbhe brine. The method has xhe 
advantage of allowing a trial to be made in a very short space of 
time, •k sensitive electric thermometer, consisting of a coil of 
wire whose resistance was continuously # measured, was spread 
about through the brine tank, and served to show at once any 
small variation of temperature. The results show that in a small 
machine of this kind with a brine temperature of 23° Fahr. the 
co-efficient of performance was 32, wheVeas with the same brine 
temperature the co-efficient ranges from 5 to nearly 7 in the larger 
machines tested at Mfinich. The difference is to be explained by 
the fact that this is so much smaller a machine. The compressor 
horse-power was only about 1J, and friction -played a relatively 
targe part. We car\ no more expect # to realise a good approach 
to the ideal* in a small refrigerating machine than we can expect 
a steam-engine of two or three horse-power to give figures repre- 
sentative of the efficiency of a large engine. For so small a 
machine it is an excellent performance to obtain, with brine at 
a temperature of 23°, an amount 'of cooling which- is more than 
three times the amount of the work expended in driving the 
machine. The heat account in these trials shows a relatively 
large unaccounted-for balance, and that again is what theory 
would lead us ,to expect. , 

Trials using Carbonic Acid. 

Turning next to tests of the carbonic acid machines, we find' 
a comparative paucity of 'data. There are not by any means the 
same number of figures available as to the performance of carbonic 
acid machines. Mr Windhausen has been kind enough to send me 
particulars of early experiments made by him nfainly to determine 
whether carbonic acid was capable of acting effectively with 
comparatively high temperatures of condensing water* The experi- 
gave satisfactory assurance as to this point. Mr Besketh, 
in his paper read before the British Association in 1895, give's the 
results of a number, of tests made by Messrs Riedinger, German 
manufacturers of the Windhauseil type of carbonic acid machine. 
For the purpose 5f making* a comparison between the heat 
extracted and the work expended in carbonic acid machines, data 
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are to be found in,an important paper by Dr Linde, who has 
carried out a series of tests making a direct comparison between 
an Ammonia machine and a caybonic acid machine when both 
were working under as nearly as possible the same conditions 1 . 
He found when the temperature in the condenser was 72 » Fahr., 
and the temperature oh thp brine was the same in both cases, viz., 
about 15° Fahr., that the co-efficien£ of performance in the carbonic 
acid machine was 82 per cent, of the co-efficient of performance 
in the ammonia machine, and tfiat when the temperature in the 
condenser was raised to 95° Fahr., so as to be above the critical 
temperature of carbonic acid, then the co-efficient of performance 
was just 50 per cent, of that of the ammonia machine working 
between the same limits of temperature. Now, the relative 
efficiency of the two, as given by these figures, agrees remarkably 
well with what theory would lead us to expect. Professor Linde? 
further found that if he artificially cooled the condensed liquid 
before allowing it to pass through the regulating valve until its 
temperature was lowered to that of the refrigerator itself, then he 
got substantially the same amount of refrigeration whether he 
used ammonia or carbonic acid. That, again, is the conclusion 
to which theory points. The difference in efficiency in the two 
substances is chiefly due to the different amounts of heat which 
the* two liquids contain when they leave the condenser. If we 
could prevent either substance from carrying any heat into the 
refrigerator in passing the regulating valve, there would be no 
difference , between the two in the efficiency of their working. 
Under the ordinary conditions of working, we do not and cannot 
prevent this conveyance of heat, and then there is a difference 
which is comparatively small so long as the condenser temperature 
is low, but becomes large, reaching something like 50*per cent., 
under tropical conditions of condenser temperature. 

* ° 

Other Ways of stating Performance. 

An' alternative mode which might be followed in stating the 
efficiency of refrigerating machines is to give instead of the co- 
efficient of performance the number of thermal-units of refrigerating 
effect per horse-power hour. To gdt this* figure in British units it 
✓ * 

1 Zeitschrift filr die gesammte K&lte-lndustrie, 28 Jan. 1895, or Zeitschrift dee 
Vereins deutscher fygenieure, 2 Feb. 1895. 
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is only necessary to multiply the co-efficient of performa»ce by 2545. 
Frequently the performance of machines is expressed with reference 
to ice-making. If you take 1 of ice as requiring about 2oO 
thermal units for its production— that is to say, 142 thermal units 
for thtf actual process of freezing, and the extra 58 or so for the 
preliminary cooling of the water and Jor* the cooling of the ice 
below the temperature of freezing — you will find that the best 
results which are stated here correspond to a production of about 
15 lbs. of ice per lb. of coal used. From 15 lbs. to 20 lbs. of ice 
per lb. of coal is the largest return that*can be looked for in view 
of the results of the Munich experiments. 

I have been interred to hear from Mr Lightfoot that*in the 
Linde ice-making factory at Hull, they are actually able to obtain 
15 tons of ice by the consumption of one ton of coal. This, it 
should be added, is jmder* conditions J;hat arc more favourable to 
economy oT. power than hold in # most cases. Generally it ft 
required to produce clear, transparent ice, and the water has to be 
distilled, and also to be stirred during the freezing. This is not 
necessaiy at Hull, for the ice made there is in the form of opaque 
blocks which arc used in preserving fish. Wheiut k necessary to 
make the ice transparent the output per ton of coal will not be 
so large. 

[Mr Lightfoot informs me> in 1908 that in an ice factory* at 
Milford, where $ Linde plapt is employed making 48 tons of ice 
a day the output in regular work is 1 8 tohs of \pe per tpn of coal. 
This is probably the best result that has been obtained with 
a steam-driven plant.] 

Uses of Mechanical Refrigeration. 

I pass* now to speak briefly of the various uses to which 
mechanical refrigeration is put. Perhaps the best indication of 
the extent and variety of these uses rna^ be given by quoting 
from a statement issued by the Linde Company regarding the use 
to which 2600 of their machines have been put. Out of those 
2GQf, : 4t appears that 1406 are employed in breweries, 403 are 
employed in cooling land stores for meat and provisions, 204" are 
employed in cooling ships’ holds for the purpose of transporting 
meat and provisions, 220 are enfpldyed ip ice-making, 73 in dairies 
for butter-making, (T4 in chemfcal factories* 17 in sugar-refining. 
15 in candle-snaking, and 198 for “ various purposes.” It appears 

e.r. 8 
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on analysis,, that thq“ various purposes” include chocolate manu- 
facture, glue-cooling, rubber-cooling skating rinks, manufacture of 
dyhamite and cordite, manufacture of gelatine plates for photo- 
graphy, the keeping cool of the eggs of the silkworm until the 
mulberry leaves are ripe, and also such special uses as that which is 
known as the Poctsch process of sinking shafts. This is a peculiar 
and interesting application of refrigeration which may be noticed 
in passing. When a shaft such as a coal mine shaft has 
to be sunk through water-bearing strata, particularly through 
quicksands, one of the most convenient ways of doing it is to 
refrigerate the circumference of the shaft, and thus keep out the 
water *by maintaining a hard frozen shell round the portion which 
is being excavated. A similar process was successfully used in 
1885, by Captain Lindmark, of the Swedish ltoyal Engineers, in 
the construction of a tunnel at Stockholm. 

I 

Uses in Brewing. 

The use in brewing has been the sheet anchor of the mechanical 
refrigerating industry. It has ‘employed probably more than half 
of all the refrigerating machines that have been built. In British 
breweries mechanical refrigeration is principally employed forcooling 
the wort through the medium of what is known as the Baudelot 
cooler ; the wort is made to trickle over a series of pipes through 
which cold water, is being circulated, this water having been 
previously . cooled by means of a refrigerating machine. In 
exceptional cases the cooling of the wort is directly performed by 
‘‘letting i-t trickle over a stack of iron pipes in which ammonia is 
evaporated, instead of u^ing cold water’ as an intermediate agent. 
On the continent of Europe, and in America, where lager beer is 
brewed, and a lower temperature is needed in the various processes 
of brewing, fermenting, and so on, we find refrigeration applied to 
a greater niimber of purposes than is usual in English breweries. 
It k u^ed not only in the Baudelot coolers for the wort, but also 
in .the? so-called “swimmers” in ^he fermenting vats, and also for 
keeping the beer cool in the cellars. In small breweries ammonia 
absorption machines are not uncommon, but where the work is to 
be done. on a large scale the comptfessioiLmachine is preferred, and 
generally the tendency is. for the compression process to oust the 
absorption, process. 
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Transportation Sind Storage of Meat. 

• 

Next to brewing, the largest uSe to which refrigerating machines 
are pi^t is the cooling of air for the purpose of storing and 
transporting meat and other prorisions. • r £he freezing of beef and 
mutton for cold storage is accomplished by cooling the atmosphere 
in which the carcases are hung, and continued exposure to a cold 
atmosphere y3 all that is necessary to preserve them. When meat 
is. cooled down to a temperature approximately equal to, or below, 
the temperature at whicfy water freezes, the ordinary processes of 
decay and decomposition are completely arrested. I und^stand 
bacteriologists to say that the septic germs may still be present and 
alive, but they arc quiescent. Th6y are hibernating as it were— 
not killed. Indeed, accoitling to Prof. Dewar, you may expose 
germs to tlfq vastly lower temperature of liquid air, and find them 
still alive when they are thawed. In any case it is certain that 
a moderate degree of cold serves to prevent or arrest the decom- 
position in meat, so that it may be kept in a cold atmosphere for 
any length of time without loss <*f freshness. JSintje 1879, when 
the first small experimental cargo of frozen meat was brought 
from the Antipodes, the trade has grown to immense proportions. 

There is not only an immense quantity of frozen • mulfton 
brought from Australia, frqm New Zealand, and from the River 
Plate, as well as much frozen beef. Thfcrfc is alsjo a largp importa- 
tion from America of what is called “ chilled ” beef, wjiicl^ means 
beef not actually frozen hard, but kept at a tgnperature low 
enough to prevent decomposition for a time. Beef or* qputtoi? 
brought through the tropics is frozen hard before shipment, and 
is kept frozen during the voyage. But this is not found to be 
necessary when only the Atlantic is to be crossed. It Is enough in 
that case to reduce the carcases to a tempetaturfi approximating to 
32°, but not so low as to freeze the interior? and* befif Jhus treated 
is said to be chilled, to distinguish it from the frozen beef wiich 
c oar >£ from Australasia or from* the River *Platc. The trade in 
frozen mutton gives employment to a great fleet of ships of large 
tonnage, whose holds are kept at a temperature of something like 
•20°' Fahr. during the voyage. Ill order tp prepare beof for a voyage 
of this sort the carcases are subjected to a temperature for several 
days of from *10° to 15° Fahr. 


8-2 
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The diagram, Fig. 39, shows observations taken by Mr Lightfoot 
during th.3 freezing of beef by subjecting It to a temperature which 
is' Indicated by the lowest of the curves, the temperature of the 
room in this case being approximately 10° Fahr. The temperature 
of the beef was at first 55°, it fell during the first 24 hours to 32°, 
\> n 
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* i" Fig. 89. FroctJss of Freezing Beef. 

t.hen continued to fall slowly to 30°, and remained for more 
than 24 hours at that temperature, showing that the freezing 
was then going on. After that it resumed its fall, as the sub- 
stance had then become completely frozen. It appears from this 
curve fchatithe freezing point of beef is something like 30°, and that 
the freezing proper of a piece about 12 in. thick takes two or three 
days when the atmosphere in which it hangs is at about 10° Fahr. 

Cold Stores. 

The development of this trade has led to the creation of a large 
number of cold stores for the reception of the beef when it arrives, 
in addition to the freezing chambers into which it has to be put 
before it is shipped* One of the largest of the numerous cold 
stores in London is that of the Victoria Docks, which is made up 
of three separate box-shaped buildings of two storeys, covered by a 
roof with large projection^, which cutoff, the walls effectually from 
the sun’s rays. The looms themselves are, As in all such stores, 
insulated by a considerable thickness of non-conducting material. 
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Each of the three stores has its engine and retfrigeratiag macnme 
in the middle, and the pfant is* especially interesting as % survival 
of the application of the air proce^. The machines are of the Bfll- 
Coleman type, by Messrs Haslam; they take up approximately 
200, 200 and 300 horse-power. It is safe to say that this type of 
refrigerating machine is one not* likely t§ be introduced in the 
future into any large stores on land, not because it does not do its 
work thoroughly well, but it takes a needlessly large amount of 
power to do it 1 . 

• Fig. 40 gives a sectional view of another great cold store, the 
largest single building of the kind in London. It is the store at 
Nelson’s Wharf designed by Sir Frederick Bramyell and Mr Hams, 
and refrigerated by a pair of ammonia compression machines of the 
De la Vergne type. One admirable feature about the design of this 
Store is that it has np openings except at the top. The process of 
introducing* and removing the froze p carcases is performed through 
openings upon the top floor, where thp cranes appear in the sketch. 
The store proper consists of the five storeys below this floor, three 
of these storeys being above the neighbouring ground level, ‘and 
the other two under it. The cold tooms are in ^11 45 ft. deep, and 
about 150 ft. by 150 ft. in plan, and give a storage space oV some 
700,000 sq. ft. They are thoroughly insulated by non-conducting 
material all round the sides, under the lowest floor, and ever the 
ceiling floor. This arrangement has been adopted in recognition 
of the fact that the most convenient w&^of keeping a.store cold 
is to make it a well of still air. The air in its cold stqfe i| some- 
thing like l-12th heavier than an equal volume of atmospheric air, 
and, consequently, if there are any openings near the bottqjn, ail* 
would stream out just as a heavy liquid streams out of a hold made 
in the side of a cistern. In this case the cold air is kept in by the 
simple expedient of having no openings whatever, 0 except the 
openings at the top. The frozen carcase^ are brought alongside 
in barges,, and are raised to the top floor by ingSnidu^ mechanical 
ladders, in the form of endless chains, on the moving rungs of which 
the iheep are placed. From the? top floor they are dropped down 
into the various chambers*. In this store the refrigeration is 
performed by the direct expansion of ammonia without using brine. 
• * 

1 The cold stores aUthe Victoria Jocks, as tan as several other cold stores 
in London, are described in a paper by Mr H. F. fionaldson, published in the 
Minutes of Proceedings of the Institution of Civil Engineers, Feb. 9, 1897. 
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Each storey is cooled by a network of ammonia j)ipes an^nged along 
the ceiling. 

At the time the machinery. for this store was arranged, con- 
fidence in the system of direct refrigeration by ammonia was not 
so great as it is now, and a supplfwnentary plant was placed in the 
engine-room, viz., a large cold ifir madiipe of the Bell-Coleman 
type* by Messrs Haslam. The air cfucts connected with, that 
lnacTiine appear in the drawing at the bottom of the building. I 
understand ihat the cold air machine is not now used. It has 
been found that there is no need to maintain a circulation through 
these chambers; the still. cold air produced by the ammonia pipes 
answers the purpose •well in this particular case. Here nothing 
is brought in except carcases which have already been frozen 
hard. The conditions, therefore* are very different from those 
•which hold in a store whdre provisions are placed in a soft state. 
Where theft* is the case there is an advantage in having the air in 
circulation, especially when provisions are liable occasionally to 
enter in a state of incipient decay. In such cases, a movement of 
the air is good, but it is easily accomplished without resorting to 
an air machine for refrigeration. • Ae to the advantage irf point of 
efficiency of an ammonia machine, the contrast is sufficientlybbvious 
when you consider that in the Victoria Hock Stores, and in these 
stores of Nelson’s, there is practically the same capacity foiicarcascs. 
The size of thp two is alpiost identical. In the Victoria Dock* 
Stores there arc three air machines* inquiring an aggregate of 
about 700 horse-power. In this store, of Nelson’s, as I saw it, a 
single ammonia machine, working at 30 or 3.5 fyorse-power, was 
performing the whole of the refrigeration. It should be added that 
part of this difference is due to the design of the stores, ayd part 
to the economy which comes of using ammonia as the working 
substance. Now, this economy in power may be retained along 
with the condition of circulation of air, and in # a great number of 
cold stores this is actually done. 


Cooling of air by direct contact witn coxa Drills 

Among plans followed by the Linde Company in the reirigera- 
tion of other stores, agid also *on board ship, the device has 
been used of causifig the amrribnia to expand in a coil contained 
in a brine tank, in which there are revolving drums, the surfaces 
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of wfiich project into the air above. Over these a current of air is 
maintained by a fan ; air, namely, which cdmes out of the store, and 
goes back to it again after being cgoled by passing over the drums. 
In other examples, instead of drums, a largo number of revolving 
circular discs are arranged side by side parallel to one another on 
an axis, dipping into thq bVine tafik, and bringing up their cold wet 
surfaces for the air to blow over. In the most recent examples, 
Mr Lightfoot employs a still simpler arrangement. There 'is a 
stack of pipes in which the ammonia is being expanded. Over 
that stack a drip of brine 13 playing, and between the rows of pipes 
there are plates, so that the chilled briije which splashes off the 
pipes wets the surface of the plates. The arr is blown through a 
chamber containing this stack of pipes and plates. It is, therefore, 
brought into intimate contact, not only with the wet surface of the 
pipes on which the brine is playing, but? also with the wet surface* 
of the plates, and thus the air meets a large surface operating to 
chill it. All these arrangements have an indirect advantage in 
this respect, that not only do they bring the air into very intimate 
contact indeed 'with the cold material, and lower the temperature 
nearly to the Ipwe^t point reached by the ammonia, but, further, 
that they clean the air. When the air comes in contact with cold 
wet surfaces it deposits moisture, because the wet surfaces are 
cooler than the air itself, and it also t ends to deposit any germs or 
'other impurities which may be suspended in it., The brine is 
found to exert a pi^rifyinjJ effect on the air, which goes back to the 
chamber to a certain extent filtered, deodorised, and disinfected. 
It may be add^d that the plan of bringing the air into direct 
cfontac^ with the cold brine does not, as might perhaps be supposed, 
tend to make the atmosphere of the store damp, for though it is 
saturated at the very low temperature of the brine the amount of 
moisture which it then contains is so small that at the higher 
temperature of the stoto it is far from saturation. 

Heat Insulation of Cold Booms. 

We shall see later that the most' effective way to stop the 
passage of heat into a chamber is to surround it with a space 
empty of all matter ; in th^t case iris only by radiation that heat 
can enter at all. But this is impracticable in # the case of a cold 
store. In air, or for the matter of that in any gas, the j conduction 
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of heat goes on very slowly, and if we could | have an # air spa^e in 
which the air was perfectly ^still it would form an # adthirable 
insulating wall. Convection currents are, however, set up in any 
wall of air enclosed so as to form the lining of a cold room. 
Suppose we* have such an air space, enclosed between layers of 
match-boarding; the inner layfer seplr^ting it from the cold 
atmosphere of the store while the outer layer separates it. from 
the external wall. That portion of the enclosed air which is in 
contact with*the cold inner woodwork will continually be streaming 
dswn, while that portion which is in contact with the warmer 
outer surface will continually be streaming up, and thus a circula- 
tion will be maintained which stirs the air, and in great measure 
destroys its value as an insulator of heat, by making convection 
accomplish the transfer which conduction proper would not do. 
•A much improved effect isf obtained when the air space is divided 
up by meafls of intermediate partitions. And an effective way 4o 
keep the air nearly still is to pack the spice more or less closely 
with some finely divided material such as flake charcoal or 
granulated cork or silicate cotton — the spongy fibrous product 
formed by making a powerful steam-jet act on i} stream of molten 
slag. Such a material is in itself a worse insulator than *air, but 
its action is like that of a multitude of partitions placed 
exceedingly close together. The whole space is still largely filled 
with air, in the # pores of the charcoal or of the silicate cotton, but ■ 
by being entangled in the pores the aii*dlnnot circulate in convec- 
tion currents. The function of the porous packing is to l^eep the 
air still. But to act effectively the material mus^ itself be a poor 
conductor of heat in the solid or closely grained statef qjse thfc 
advantage which it secures by preventing movement of Ahe air 
will be counterbalanced by the conduction that takes place through 
its own substance 1 . A point of great practical imjlbrtance is to 
keep the air spaces and the insulating pa<!king # dry : any moisture 
tends, no . doubt by alternate evaporation # and % de$o$it, to impair 
the efficiency of the insulation. The enclosing partitions arwffcen 
mfcjfe in double layers of match*boarding with waterproofed paper 
between. A common arrangement is to make them enclose a 
space six inches wide which is filled with silicate cotton, charcoal 

* jp or experiments on the thermal Insulation seemed by various materials see a 
paper by Lamh and Wilson in the Pmeedihys oj the lloyal Society for 1899, p. 283. 
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or other porous insulator. In American practice the porous 
material if sometimes dispensed tfith fffid a series of parallel 
partitions with narrow air spaces, between are used instead 

Cold {Storage in Ships. 

On board ship the considerations governing the selcctkn of 
refrigerating plant are, of course, different in several ways from 
those that apply on land. Thd;re the ammonia machine, the 
carbonic acid machine, and- the cold air machine all, to a certain 
extent, maintain their position as rivals. No one of them can 
fairly ejaim to have displaced the others. Each lias distinct merits 
from the point of view of the superintending engineer of a line of 
steamships. The advantage of* dispensing with the use of what 
he would probably call chemicals may lead him to prefer the air* 
machine in cases where economy of coal is a secondary consideration. 
If he wishes to secure the greatest economy of coal he will prefer 
ammonia. If he has to place the refrigerating plant in the 
engine-room, he will' be afraid of the possible escape of a 
substance whiph would be, at tail events, disagreeable and em- 
barrassing if it escaped there, and his choice is more likely to 
fall on carbonic acid. When the machine can be separately housed 
in a -part. of the ship where any escaping fumes would not cause 
'serious inconvenience, ammonia machines are suitable. In the 
engine-room however an rtuftnonia machine would be out of place ; 
for such a situation as that a carbonic acid machine would be 
open to far 1 ess t objection. Even a large volume of carbonic acid 
gus may be allowed to escape into an engine-room or other such 
confined space with comparative impunity* whereas a serious leakage 
of ammonia would make it untenable. [The Board of Trade hrtve 
now made a lSile that when ammonia machines are used on board 
ship they must be r enclosed in a separate compartment. Hence 
fo* small plants stfeh ak are wanted to keep provisions fresh in 
passenger steamers carbonic acid machines, which may be placed 
in the engine-room or in any convenient place, are now almost ex- 
clusively used. But in cargo steamers' engaged in the frozen or 
chilled meat trade ammonia machines are often found, the separate 
compartment in which they are 'housed being generally on deck. 
Thus with one or two «exccptions the vessels employed to bring 
chilled or frozen meat from the River Plate are fitted with 
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ammonia machines, and some of the Ingest rqpat-carrying 
companies in the Australian* and New Zealand track also use 
nothing but ammonia.] 


DefrQsting.| 

• ® 

The quality of frozen beef, from the consumer’s point of 
view, depends a good deal on how it has been thawed. At 
Nelson’s Wharf an ingenious arrangement has been introduced for 
the purpose of what is technically caWed “defrosting” the befef. 
The beef to be thawed, is hung in a special chamber, where a 
circulation of air is maintained over cold pipes, on which ^deposit 
of moisture takes place, and then over warm pipes, by which the 
temperature of the air is raised before it agaijj comes into contact 
• with the beef. In this w&y the beef is subjected to an atmosphere 
which is Warm enough to produce the desired thawing, and yet, .at 
the same time, is dry, and is maintained dry, notwithstanding the 
amount of moisture it takes up from the beef itself. The object 
is to keep the dew point of the atmosphere lower than the teiajfcra- 
ture of the surface of the beef, and«consequently to p^evenf moisture 
from being deposited upon the surface. In the ordinary ^thawing 
of beef by simply hanging it in a natural warm atmosphere, a 
deposit of moisture takes place which deteriorates the quality. 
This is prevented by regelating the temperature of the air in* 
relation to its dryness. In Nelsons defrosting process it is kept dry 
by being made to give up its moisture to the cold pipes, bpfore it is 
warmed by the hot pipes to the temperature prqper for thawing. 

Fish and Fruit. 

Mechanical refrigeration is applied to a limited, hut increasing, 
extent in the importation of frozen fislf. Tfawlcrs are ir; some 
cases supplied with refrigerating plant, fold The*figih when they 
are caught arc plunged alive into cold brine, which freeze* them 
sfed. More commonly trawlers are supplieef with ica for the 
preservation of their catcfi. [Trawlers that go far afield for their 
catch carry refrigerating machines which keep the holds cold by t 
, circulation of air, bui at ft temperature not low enough to 
freeze the fish.] ftefrigerated*fruit is imported from Tasmania and 
Jamaica, not at a temperature sufficient to freeze it. but at fiO° or 
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55° Fahr., wlych is foiynd to be low enough to prevent decay, without 
unduly 'drying the fruit or injuring its flavour. As a tour de force 
(lowers have even been brought from the Antipodes, enclosed within 
blocks of ice, and retaining, apparently, their original bloom. 

' Ice-Making. 

In the application of mechanical refrigeration to ice-making, 
two general methods arc employed, the can system, and the cell 
system. In both cases brine forms, as a rule, the medium by which 
heat is carried from the water to be frozen to the refrigerating 
agent. ,The broad distinction in the two methods is, that in the 
can system the water is enclosed in a number of cans or moulds 
which are immersed, in an open brine tank, whereas in the cell 
system the brine is enclosed within a nufhber of hollow w r alls, and 
between these are open spaces filled with the water ta*be frozen 
In both cases, in order to produce clear ice, the water has to be 
agitated during the freezing Under ordinary conditions water 
contains a considerable quantity of air dissolved in it ; and as the 
temperature is, lowered, and the water is frozen, this air is given out. 
If the wkter is at rest, and especially if the freezing goes on rapidly, 
the bubbles of air get caught and frozen into the mass, with the 
result that the ice is opaque. This may be partly prevented by 
having the water distilled in the first instance to, get rid of all 
foreign matter, including dif; and even if the water is not distilled, 
the opacity can, to a great extent, be avoided by keeping the watei 
in movement wjiile it freezes. To get the clearest possible icc ; 
b«*th precautions are sometimes taken ; the water is both distilled 
and agitated. ♦> 

One of the most approved methods of keeping the water in 
ice cans moving is illustrated in Fig. 41. The action here is 
pneumatic ; the reciprocating motion of the air-pump piston causes 
a portion of the 'water iri each can to be alternately sucked up intc 
a small reservoir on the branch pipe dipping into the can, and 
returned to the can. In other cases mechanical stirrers are used 
which are lifted out when the freezing of the block approaches 
completion. The ice-crystals grow from the sides of the mould 
inwards, and the direction of their gVowth*is marked by the fora: 
taken by the imprisoned air-bubbles, which are found to some 
extent even in comparatively clear ice. The bubbles* are drawr 
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out into long, fine tubes, pointing inwards frpm the fgur sidoi and 
from the bottiom of the* mould and meeting in surface! which .are 
planes of weakness. The centre towards the top of the block is 
comparatively spongy, owing to imperfect agitation, and to the 
collection there of any impurities which the water may contain. 
To get the frozen ice out the mdulds a/e lifted bodily, dipped into 
tepid water to thaw the surface, and* tilted, so that the blocks 
slide out. 


Air Main 



I -SI 


Fig. 41. Pneumatic Agitator. 

Fig. .42 illustrates the cell system of ice-making. Thejiank 
containing the water to be frozen has a double bottom, and also 
an enclosure at one side, in which a plunger lrfoves* slowly up and 
down, forcing the water backwards and forwards through apertures 
in the upper bottom, into the spaces between the brine cells. 
The brine cells are long, narrow cases of wrought iron, with a 
series of wootlen partitions extending; horizontally across each* 
arranged so that the cold brine circulates in ft zig-zag, and comes 
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Fig. 42. Cell Sysfem of Ice*makiug. 
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in contact ^ith every part of tne surtace of the cell. In the 
example shpwn here the brine cells *have hollow projecting pieces 
on both sides, not only at the extremities, but also at the inter- 
mediate points, with the effect that the water space between one 
cell and the next is divided into three sections, completely en- 
closed within active briije Vails, 'When the freezing is complete, 
and each section contains a solid block of ice, the circulation of 
cold brine is stopped, and tepid brine is passed into the cells to thaw 
off the blocks, which are then lifted out. In some appli cations of 
the cell system the hollow 'transverse projections from the cells awe 
omitted, and the length of the water space is divided up by mov- 
able pistes of metal, which serve to conduct heat away from the 
ends of the blocks. The blocks arc usually about 12 in. thick, 2| ft. 
or 3 ft. long, and 4 ft. high, and' the freezing takes about 3 days. 

In an earlier variety of cell system*' the brine cells were flat' 
plates placed somewhat further apart, and ice w r as formal in slabs, 
which were not allowed to become thick enough to meet in the 
middle. Slab-ice admits of being particularly clear, but it has the 
drawback of taking a long time to make, since the heat 1 is taken 
from one 'side only, and of being rather shapeless. The slab pro- 
cess has 1 , however, been brought to great perfection in America, 
where it is used, for example, by Messrs Westinghouse and Kerr 
in tire manufacture of what is there 'known as diamond-ice. The 
‘freezing surfaces in their plant are called dry-plates, and each con- 
sists of a gridiron of pipes'* iii which ammonia is directly expanded. 
In sonic instances, the slab of ice is got off the dry-plate by 
passing warm ammonia gas through the pipes. In other cases, the 
stab is ,cut off by passing a steam cutter or knife with a thin 
hollow blade, served with ' live steam, between the dry-plate and 
the slab. The steam cutter also has transverse blades, which 
divide the slfib into blocks of convenient size. 

The preference which consumers generally feel for clear ice is 
mainly, if not Wholly, sentimental. Opaque ice, or, as the Ameri- 
cans irnauspiciously call it, from its resemblance to white marble, 

" tombstone-ice, is perfectly wholesome, provided, of course, the 
water used in making it is pure ; on the other hand, the clearness 
»of ice is no guarantee' of the purity of the water. Opaque ice is 
cheap to make, and there seems no fcood reason why it should not , 
be as acceptable as cletfr ice. Mr Lightioot informs me that in 
the Linde factory at Hull, where 15 tons of opaque iCe are made 
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for each ton of coal burnt, the whole cost of |the manufacture is a 
trifle under 2 s. per ton* this figure including the cost «f coal, hhe 
labour in stoking and attending the machinery, the wage^ of 
crane-men, the engine-house stores, such as oil and waste, and the 
loss ofcammonia, as well as the cost of water. He uses an ordinary 
two-cylinder compound engine* employing steam, at 110 lbs. 
pressure. At Grimsby, where the Linde Company has pflt up 
another larger ice. plant on the same general lines, he expects to 
get even better results, as he •will there use triple expansion 
engines with steam at 160 lbs. 

Ice Rinks. 

An application to be mentioned before we^ leave the subject of 
ice making is the formation of ice rinks. The Linde Company put 1 
up an ice rink at 'Frankfurt as early* as 1891, in which the brine 
pipe system was used, the pipes bdng placed in a shallow tray or 
cell of water, which was frozen bodily. Of the two public rinks in 
London 1 ,. the one at “Niagara” has De •la Vefrgne amig«nia 
expansion plant, and the floor is jnado by a horizontal gridiron of 
brine pipes immersed in a tray containing *wat*er, th« whole 
of which becomes frozen. At the National Skating Palace, Messrs 
Hall have a carbonic acid plant, with a floor made up # of hori- 
zontal boxes or cells, through which brine is passed. The upper, 
surfaces of these cells form a water-tight floor on which a compara- 
tively shallow layer of water is frozen. The same* advantage 
which this system possesses in having only a small volilme of water 
to freeze, and in having a flat base below the water, is secured in 
another way in a rink which the Linde ^Company have puj up at 
Nuremberg. There the floor is a shallow open tray, in which the 
water is frozen, resting on timbers which stand on a goncrete floor 
below, and form channels through which a,circuiation of cold brine 
is maintained. 

Dry Air Blast 2 . 

- Ati interesting modem «use of refrigeration is to cool air for 
the purpose of drying it, an effect which follows from the great 
reduction at low temperatures jn capacity for holding moisture in 

. . - • 

1 Both of these rinks have now (19Q8)*ceased to exist. 

8 «Added in 1908. 
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suspension.* (See TJnble in Appendix D, p. 187.) This treatment 
is now advocated, after successful trial in the Carnegie Steel Com- 
pafiys works near Pittsburg, for application to the air supplied to 
blast furnaces. It is claimed that drying the air results in a large 
saving of fuel and increase of output, and also in escaping* varia- 
tions in the quality of IjheSron, Ulrich are ascribed to the variable 
humidity of an ordinary air-blast, due to variations of atmospheric 
conditions. The air is cooled by passing through a chamber stacked 
with brine pipes, the coils being divided into sections, for the 
purpose of thawing off. The moisture is deposited on the pipes as 
water or as ice, the ice being periodically thawed off by passing 
steam-heated brine through the sections. 

In a trial of this process air entering at an average tempera- 
ture of about 75° F/ihr. was cooied by passing through the brine- 
pipe chamber to 22° Fahr., and the amount of water held in it 
r was thereby reduced from about 5*7 to T7 grains pec'cubic foot 1 . 

Cooling of the Magazines in War Ships 4 . 

Among small-scale applications of refrigerating 'plant an 
important one is to the magazihes of war ships, where the object 
is to maintain a temperature low enough to prevent deterioration 
of the explosives. Without such cooling the magazines are liable 
in some cases to reach a temperature as high as 90° Fahr. through 
* the unavoidable proximity of the magazine to boiler or steam- 
pipes, and oven this may be exceeded if the ship is stationed in 
a warm climate. Such disasters as that which happened in 1907 
to the French'" battle-ship Jena have been traced to the de- 
ierioraUdu which nitrocellulose propellants suffer under such con- 
ditiontf. Protracted exposure to a high temperature brings about 
a gradual decomposition of their highly unstable constituents, 
which at an advanced stage produces so much evolution of heat 
as totalise the explosive to ignite spontaneously. 

The propellants used in the British service, which are 
mixtures of nitrocellulose and nitroglycerine with a small pro- 
portion of mineral jelly, are considerably more stable, but even 
in their case continued storage at a temperature so high as 90 a 
Fahr. would be dangerous, and steps are accordingly taken to 

1 See a paper on the application of dry-^ir blast*to the .manufacture of iron, by 
James Gayley, American Iron and Stee\ Imt . 1901, 
a Added in 1908. 
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reduce the temperature of ship’s magazines t<j something lik£60° 
or 70° Fahr., which is law enough to secure practical^ complete 
stability. For this purpose worships are now fitted with, car- 
bonic acid machines, these beiftg considered safer for use in 
confinqjl spaces, for the reasons that hhve been already stated. 
They are placed in compartments neat' the magazines, and are 
drive® either electrically or by steam. They are employed t(®cool 
bring which is caused to circulate through one or more nests of 
cooling pipej, past which air from the magazine is caused to 
circulate. A single machine may, and generally does, serve moife 
than one magazine, by being used to cool the brine for more than 
one nest of pipes. Each nest is placed above or close to a 
magazine, and short air trunks are led from tffe magazine to the 
cooling pipes and back, with a fan* to maintain circulation of the 
air. The air trunks are extended throughout the magazine, with 
exhaust and delivery at various parts the length, so as to secure 
that no part of the atmosphere jjf the magazine shall remain 
stagnant and warm. The use of brine pipes is preferred to direct 
expansion* as they are held to give greater* facility in adjusting 
the amount of refrigerating effect in the various magazines which 
are served from one machine. The brine is not allowed *to fall 
below 32 Fahr. — about 34° is the lower limit — and consequently 
no ice is formed on the brine .pipes, though moisture is deposited. 
The chilled air ^before being discharged to the magazine deposits . 
so much of its moisture on the pipes ae »to keep the atmosphere 
in the magazine relatively very dry, and a closed circulation is 
maintained, air being taken from the magazine, cooled, and re- 
turned to the magazine again. 

The arrangement as applied to th$ alter magazines, of a 
battleship is shown in Figs. 43 and 44. Fig. 43 is a plaA of the 
magazine deck and Fig. 44 a plan of the deck above oa which the 
air coolers are situated. The refrigerating machinery, consisting 
of the compressor and ttie brine pump, is placed *in » compartment 
on the deck above that, above the position indickted at 4 in 
Fi^ 44. The brine pipes lead frpm it to three ail 1 coolers, Q, B , B, 
which’ serve the magazines* immediately below. Each air Cooler 
has 250 square ffeet of cooling surface. The construction of these 
coolers is shown by sectional yiews in Fig. 45. Each of them 
fesemblos a surface condenser; 4he cold*brir\£ circulates across the 
cooler through two groups of h oriental pipes, one group serving 
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Fig. 43. Arrangements for cooling magazines on board ship. 



Fig. 44. Arrangements for cooling magazines on board ship. 





Fig. 45. Air pooler for cooliug machines. 


from the upper jporti on of each magazine, and then leads up to the 
pooler through the deck just wh?re Jhe CQoler is situated. Similarly 
the air after being cooled is lecl dijectly doVn through* the deck, 
and along a Supply trunk which returns it to the jnagazines from 
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which it cqme. Tl^e supply to each magazine is regulated by , 
baffles' or calves in the trunk. 1 

'The compressor in such cases is usually a carbonic acid 
machine of 50,000 thermal units capacity. Besides serving the 
air coolers it is arranged to be applicable to ice-making. For this 
purpose a small ice-making tank is placed in the compartment 
which contains the compressor, and valves are provided by means 
of which the brine circulation can be made to take place directly 
through this tank. In ice-makihg the brine is necessarily cooled 
to a much lower temperature than would do in the air-cooler 3 , 
where we have to prevent the formation of ice on the pipes. 
Accordingly, while the apparatus is being used for making ice the 
magazine air coolers are shut off and the temperature of the brine 
is brought as low t?s may be desired. Fig. 46 shows diagram- 



ing. 4G. Diagram Viewing alternative circulation of brine. 


magazines are being cooled, the valves A A are shut and BB are open. 
The brine therefore ci relates to the magazine cooler but not through 
the ic£-tank. For ice-making valves - A A are opened and BB 
are shut,- which cuts off the magazine cooler and makes the brine 
flow through the ice-tank only. The cooling of the magazines is 
of course suspended while ice-making is going on. 

Fig. 47 shows in plan a complete representative plant used in 
b magazine cooling, which consists of a 50,000 British thermal unit 
carbonic acid compressor, driven in^this example by a vertical steam 
engine. On the two sides of it are tha condenser and evaporator 
’consisting of precisely similar arrangements of pipe coils. Ad- 
joining the condenser is the vertical, steam-driven brine pump and 
on the other side the J>nne tank which contains three moulds for 
making in all 100 lbs. of ice at a time. Here again the valves 










LECTURE VI. 

The Production of Very Low Temperatures. 

L 

In none of the industrial us§s already rcierred to is more than 
a moderate degree Of refrigeration required. The temperature is 
rarely lower, and never nfany degrees lower, than the zero of the 
Fahrenheit scale. It is, however, the case that in soi’ne processes 
considerably lower temperatures are employed. Certain sub- 
stances used in medicine are purified by crystallising them out 
under extreme cold. The rectification of chloroform for instance, 
and of nitrous oxide, is carried out by the use of low temperatures, 
and, to give a recent example of another kind, acetylene has been 
purified by subjecting it to a low temperature, and treating it 
with sulphuric acid. The acid is dbund not to act on the acety- 
' lene itself, when cooled to - 50° G., but to retain res action on the 
impurities which have to be removed. An easy means of getting 
low temperature (down to values of about — 80° C.) when small 
quantities of material have to be dealt with, is furnished by using 
coinprorsed carbonic acid, allowing it to evaporate freely in the 
air, wh'eij it reaches a temperature approaching that limit. Apart 
from commercial uses the production of very low temperatures is 
a problem of great^ physical importance, interesting alike in itself 
and in its results. Quite recently great strides have been made 
hi this subjeot, It is now an easy matter to produce the extreme 
degrees of cold necessary to liquefy oxygen and air, and it is not 
unlikelj that the liquefaction of air will, soon take its place among 
ordinary industrial operations 1 . In order to liquefy any gas, the 
' temperature must be reduced bejow its critical point, otherwise no 
amount of pressure, however gr^at 4 will inake ,the gas change its* 

1 The paragraphs added at the end*of the Lecture will show thr.t this expecta- 
tion has been realized (1908). 
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state. We may define the critical temperature of $ gas as the 
highest temperature at which it can exist in the liquid form 
under any pressure whatever. • 

Liquefaction of Gases by Cattletet and Pictet. 

• * • 

The attention of the scientific world was arrested in the be- 
ginning of the year 1878 by the news which reached it almost 
simultaneou«ly from two sources, that two independent experi- 
mentalists had succeeded in liquefying certain of the so-called 
permanent gases which Jiad been left unliquefied in the earlier 
experiments of Faraday. Cailletot and Pictet^ within a few days 



-80°C. -130°ft -200° G. 

• • 

Fig. 4ft. Cagcade Method of reaching very Low Temperat 

of one another, but independently, and by more of less aisuncL 
methods, succeeded in liquefying oxygSn, n!trogen, and, other 
gases. Pictet employed what wo may dis’tingtiistf a,s the cascade 
)r successive cycle method. The general idea of this method is 
Jlqstrated in Fig. 48. Irnagirte a refrigerating agent, •such as 
;art>onic acid, to have been compressed and to expand through a 
/alve into the chamber, A, where it evaporates. In the example , 
is sketched it is escaping frfim tp the atmosphere. When 
jarbonic acid evaporates freely f to the atmosphere *it falls to a . 
lemperaturtj of about —80° C. It could be made to go 30 
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degrees or piore lownr by using an air-pump to preserve a partial 
vacuum in the chamber; but, assuming the pressure 'in A to be 
atfiiokpheric, the temperature tljen will be about - 80° C. Now 
we may use this as the ( condensing temperature of some other 
more volatile material. ( The Material which is indicated* in the 
sketch is ethylene, which , was not used by Pictet, but has come 
into* use subsequently, and has done good service in the bands 
especially of Professor Dewar. It forms a convenient intermediate 
link between the comparatively easily liquefiable Larbonic acid 
and the much more difficult oxygen. Ethylene has a critical 
temperature of — 10° C. and needs only moderate pressure to 
liquefy* it when exposed to a temperature of —80° C. It is 
pumped at the necessary pressure into the inner vessel at A and 
is there liquefied acid passes through an expansion valve to the 
outer vessel at B , wher^ it evaporates. The pressure in B is 
supposed to be kept at something not much over 'one inch of 
mercury, and in that case 'the temperature reached by the 
ethylene in evaporating will be — 130° C. After expansion it is 
re-dUnpressed, so that the part of the apparatus in which the 
ethylene is carried through its Viycle may simply be regarded as a 
separate vapour compression refrigerating machine, the same in 
kind as the ordinary machine using ammonia or carbonic acid, but 
with ethylene as its working substance, and with B as refrigerator 
' and A as condenser. * « 

The remainder,! of the ' apparatus is another similar machine, 
using, iv this case, oxygen as its working substance, and with B as 
its condenser. The critical temperature of oxygen is about — 118° C., 
and, ap, the temperature in B is lower than that, the oxygen 
liquefies, when compressed into the inner vessel at B. A moderate 
pressure of 20 or 30 atmospheres suffices. The liquid oxygen may 
be passed through a valve, and evaporated again in the vessel C, 
and m that way a temperature of — 20Q° C., or lower, can be 
Cached, the temperature, of course, in this last vessel depending 
on the pressure ,in it, and, consequently, on the rapidity with 
which the pump is worked. By working the pump tolerably fast, 
to preserve a good vacuum in C, we can get down to something 
« Kke - 220° C., or even — 225° C r a temperature which is no very 
long way above the absolute z^ro^ — 27 3 l C. ^In Pictet’s cascade, 
* of successive cycles, th£ substances used were sulphurous acid and 
carbonic acid. t ^Jhe ethylene is a useful addition, as giving readily 
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a temperature considerably below the critical poin^ of oxygen. 
Without it, however, Pictet succeeded in liquefying oxjigen'by the 
device of letting it suddenly escape when under high pressufle&nd 
after being cooled as far as the carbonic acid would cool it, though 
the temperature reached while 4he gas was under compression 
was considerably short of the critical # pojnt. , 

£5ailletet did not use the method of the cascade. He compressed 
the gas under very high pressure, and cooled it moderately, so 
that it wa» still far above it£ critical temperature. He then 
allowed it suddenly to expand by opefiing a tap, which relieved 
the pressure pn the gasi In expanding it did work against a 
column of mercury which was used in hi^ apparatus* as the 
equivalent of a piston for compressing the gas. The gas, therefore, 
cooled itself, the expansion being sudden and nearly adiabatic. 



Fig. 49. 


pressure was still left high enough to liquefy tne gas at tne 
temperature which it had then acquired. The chamber con- 
taining the gas was of glass, and the liquefaction became apparent 
by the formation of a mist. 

# Fig. 49, which is ctpied*from a paper by Professor Dewar 1 , 
shows an improver! apparatus "based partly on Pictet’s* method and 
* * 1 Phil. Mag., Sept., 1894. 
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partly on Qvillctct’se An iron flask, (7, contains highly compressed 
oxygen or ( air, or whatever gas is to be treated. The gas passes 
fro f m L this flask, through a small ^pipe, J, into the inner tube at F. 
This tube is surrounded by a vessel, G, containing some other sub- 
stance more easily liquefied than «ihe gas in the inner tube. Suppose, 
for example, that G contains carbonic acid. An orifice, E, near the 
top ltads, by an annular passage round it, into an outer cha'mber, 
from which the gas is drawn away by an air pump. This keeps 
the temperature in G considerably below — 80° C., And if a good 
vacuum is maintained it* may be as low as —115° C. Say that 
compressed oxygen is coming into the tube F: the ci;jtical tempera- 
ture of oxygen is trifle lower than this, and hence, under these 
conditions, the oxygen will just fail to liquefy. But let the stop- 
cock A be closed, and the other, B, suddenly opened to allow the 
pressure in F to be reduced ; immediately a portion of the oxygen 
w*ill condense. The adiabatic expansion which occurs in the sudden 
release of part of the gas causes what is left to fall to a tempera- 
ture below its critical point. Instead of using carbonic acid in the 
jacl?K., G, Professor * Dewar preferred to use liquid ethylene. 
Ethylene readily evaporates at'* a temperature below the critical 
point oi oxygen, consequently, without using the sudden expansion 
which was the characteristic feature of Cailletet’s method, the 
oxygen can then be condensed puder steady pressure in the 
* inner tube. 

t i 

Subsequent Work by Dewar and others. 

Two years later Professor Dewar decanted liquid oxygen into 
an ope® glass vessel from a spiral worm of copper tube, in which 
it was“ Jiqueficd under ‘ pressure, the worm r bcing cooled by 
enclosing it in a chamber from which liquid ethylene was 
evaporated. * A taj) at the bottom of the worm could be closed to 
allow*the liquid oxygen’ to accumulate, and opened to let it pass 
into an open , test-tube, which was kept cool by a jacket of 
evaporating ethylene in order to prevent the liquid oxygen from 
evaporating too rapidly. The ethylepe was liquefied by com- 
pressing it in another worm surrounded by carbonic acid snow. 

«• His apparatus is shown in Fig v 50 x . An interesting feature in 
this, as well as in the apparatus of Fi£. 49,, is that the liquids 
ethylene is, to a great 'extent, protected from conduction of heat 
1 See Pwc.tlloy. Inst., June, 1886, and Phil. Mag., March, 1896. 
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into it by a jacket through which the vapouf circuses which is 
given off by the ethylene itsdlf. A similar arrangem^it for the 
decanting of condensed oxygen was used in 1890 by ProtfeSfeor 
Olszewski 1 , who has been assiduous in the same field of research. 
Other*names which should be mentioned in this connection are 
those of the late Professor Wroblewski^ Professor W^itkowski, and 
Pro^sor Onnes, of Leyden. ___ 



It wuuld be ieyond the scope of ‘these lectures to* refer in 
detail to the large amount of work which has been done in 
investigating the properties of matter atf extrimely low tempera- 
tures or to make any attempt at app<3rtiofiin£ gredit to the 
various workers, whose claims have in some cases been discussed 
wjMj a degree of warmth sc*ft*cely appropriate to the .subject. 
With liquid oxygen or -liquid air available as a laboratory agent 
new fields of research have become open. It is now possible and , 
t even easy to* examine »the fheclaanic^l, electrical, and magnetic 
qualities of substances under Conditions previously Unattainable. 

• i Phil. Mag., Feb. 1895. 
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inner space, the top of which is, of course, ^kept open, thete is 
at first some quick ebullition* due to heat taken frorg the sub- 
stance of the glass. But that is soon over, and the liquid# then 
remains quiet, maintaining its low temperature by slow evapora- 
tion from the surface. It is the ^cuurrf jacket which makes this 
quietness possible: without it the liquid gas would continue to 
boil away fast, through conduction of heat* from outside. Income 
cases Professor Dewar reduces conduction even further by adding 
to the vacuum jacket a film of m ercury spread over the surface of 
the glass, on the inner surface of the* outer wall. The bright 
mirror surface thus produced reduces the absorption of heat by 
the outer wall, and Allows much less radiation to get through. 
Professor Dewar finds that the rate at which heat leaks in through 
an ordinary vacuum glass, without*the mercury film, is about one- 
sixth of the rate of heatir^ when the vacuum is spoilt by letting 
in air, and* .further, that when the ^Vacuum vessel is “silvered” 
— that is to say, when a* mercujy film is added — the rate of 
leakage of heat is reduced to one-thirtieth. 

Dewar’s admirable device of the open vficuum -jacketed scSsef 
enables liquid air and other liquefied gases to be § decaftted and 
handled with the greatest ease, to be conveyed from place to 
place, and to be stored for short periods with no more than a 
moderate loss by evaporation^ It is an appliance of iirst»rate 
importance in Researches at extremely low temperatures. 

• 

Regenerative Method of Producing Very Low TeMipwatures. 

a 

The production of very low temperatures has in recent yea» 
received a novel and highly interesting development through an 
application of the'regenerative principle In speaking of machines 
which produce refrigeration by the expansion of air, I drew attention 
to the early suggestion by Siemens of th<? use *of a regenerator or 
counter-current heat interchanger, and wd satf that Jhe regencr?* 
tive principle again found application in the hands of Kirk. • 
piemens, in his patent of 1657, describes tfie employment of 
an interchanger to extract* cold from the air already coolecl by a 
refrigerating machine, and thereby to cool the air which is on its , 
# way to being expanded.# He pointed put that in theory at .least 
there was no limit to the degree of cold which could # be produced 
by the application of this interchanger. His provisional specifica- 
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tion, f which was n^ver completed, gives an example of the 
temperatures that might be expected irf a particular case, and 
proceeds: — “These temperatures fitre mentioned, not as absolute 
temperatures, but to show that the principle of the invention is 
adapted to produce an accumulated effect, or an indefinite reduction 
of temperature/' ' 4 

Semens’ idea was that 'the compressed air should pass through 
this interchanger, and should then be caused to do work in an 
expansion cylinder. This expansion would chill it, $nd it would 
then pass again through* the interchanger, giving up its cold 
through the interchanger to the nexjb succeeding supply of 
compressed air. The effect would be to make each fresh supply, on 
its way to the expansion cylinder, a little colder than the hist. 
A cumulative fall in temperature would result which would only 
1 be limited by accidental losses due to* conduction of heat from 
outside and to heat developed from friction within fjlo machine. 

It does not appear that Sieifipns followed up his idea. In 1885, 
Solvay patented an apparatus and process for producing, applying, 
and* peeping up extreme temperatures. It was a regenerative 
method somewhat resembling that of Siemens, but with a re- 
generator instead * of an interchanger. Solvay constructed an 
apparatus, by which he was able to reach a temperature of about 
— 95/C. 1 , He found that at that temperature the losses of cold 
.balanced the gains. In 1892, Wind hausen also patented an 
apparatus for producing extreme degrees of cold, in which an 
interchanger essentially like that of Siemens was used *in combina- 
tion with ah expansion cylinder. 

« Mr Windhausen tells me that this invention is now in use on 
a comn\ercial scale for suqh processes as the extraction of benzol 
from the* mixed gases which are given off by the distillation of 
coal. The industrial application which he had in his mind was 
the separation of 6uch volatile constituents of mixed gases, by 
factional distillation a'fc low temperatures. He tells me that 
about ,50,000 cdbic metres of the mixed gases given off from coal 
are. treated daily 'under a pressure of 2 to 2£ atmospheres, the 
temperature reached being about — 90 C,, or — 95° C. (the same 
4 temperature as Solvay reached), and at this temperature 20 to 30 
grammes of benzol are got from /each cubic metre of the gas, the 


Comptcs Rendus, Deo., 1805. 



APPLICATIONS OF EXTREME GOLD 


143 

remainder, namely about 98 per cent., passing off as gas to be flsed 
in the ordinary way. 

The Step-down In Temperature. 

To*makc the intcrchanger of **iy us({ in causing a cumulative 
fall in temperature the gas passing qpt t through it must have 
suffqfcd a step-down from the temperature it took in coming in. 
In the inventions of Siemens, Solvay, and Windhausen, this step- 
down is produced by causing the gas td do work in an ex- 
pjfnsion cylinder. The step-down is essential . to a cumulative 
cooling, but ij may be • caused to happen in more than one 
way. There are, in fact, two ways by which 4 that step-down in 
temperature may be produced. One is the way these inventors 
have used, namely, to make the gas do work, «ay against a piston 
in an expansion cylinder. But there is another way without # the 
use of an expansion cylinder at alh namely, by merely letting tRo 
gas stream through a c6nstrict£d. aperture or throttle- valve. 
The gas then expands without doing work; \\ consequently, 
becomes much less cooled than when it does work in an expansion 
cylinder, but it becomes cooled to a certain ^mall extent. In 
early experiments by Joule, where a gas moderately cotnpressed 
and brought to atmospheric temperature was allowed to expand 
through a throttle-valve from. one vessel to another, hcfdid'not 
observe cooling? and he drew the conclusion that the internal 1 
energy of a gas does not depend upon fta pressure, but .only on, its 
temperature, which is givert in text-books as Joule^g la#r. But 
later experiments by Joule himself in conjunction with Thomson 
(Lord Kelvin), showed that this law was not exactly true*of real 
gases, though it is # convenient to retain il as an expression <sf what 
would be* true of an imaginary substance # called a “perfect gas.” All 
real gases are more or less imperfect, in the sense that fheir physical 
behaviour deviates, moj*e or less, from the ’simple laws which* hold 
for a perfect gas. By forcing air and other gases through poroutP 
plugs serving as constricted apertures Kelvin find Joule 6stab- 
lishe^vihe fact that there is # some cooling when they expand with- 
out doing work. The amount of this cooling, which is called 
the Joule-Thojpson effect, is, in general, very small, and that is 
•why an ordinary ajr reffigerajinef machine cannot operate with- 
out having an expansion cylinder as wTdl as a .compression 
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cylirider. . It would, not produce any refrigeration worth speak- 
ing of if a regulating throttle-'valve ' such as serves in an 
ammonia-machine were substituted for the expansion cylinder, 
when we are dealing with air n as the working substance in a 
refrigerating machine of' the Pell-Coleman type. In a .vapour 
compression machine the regulating valve does serve as an effective 
substitute for the expansion cylinder because condensed vapouucools 
itself very much in passing through such a valve. Even in a car- 
bonic acid machine in * the tropic®, where the compressed vapour is 
at a temperature above its critical point and is therefore not con- 
densed, expansion through the regulating valve is still effective in 
cooling^ the gas, because the gas in this condition is very far from 
being a perfect gas and does not even approximately conform to 
Joule’s law. But with air, or With any of the so-called permanent 
gases, the deviation from Joule’s law ia small, and the extent to 
which the temperature falls \vhen compressed air streatns through 
a throttle-valve is only about one quarter of a degree on the 
Centigrade scale for each atmosphere by which the pressure drops. 
This* is when' the air is at anything like ordinary atenospheric 
temperature ; t but if it is very cold to begin with, the fall in 
temperature is greater, for it is then a less perfect gas and deviates 
more widely from Joule’s law 1 . 

Lpplication of the Regenerative Method. 

Suppose now that ajx ..compressed to a pressure say of 100 
atmospheres is irntde to pass through a long coil of. pipe and to 
escape At the end through a small nozzle. Its temperature drops at 
^nce by something like 25 degrees Centigrade. Let the gas which is 

1 Kelvin and Joule found tljere was cooling in all the gases they tested except 
hydrogen,, which actually became hotter when forced through the oonstricted 
aperture or porous plug. It is now known that hydrogen is cooled , 10 like other 
gases, provided*- the initial temperature is below a certain limit. For any gas 
there is in fact a particular temperature below which tho effect of throttling is to 
cool tLe gas, and j\bovf\ which the effect of throttling is to heat it. In hydrogen 
This temperature i$ comparatively low. The cooling effect in any gas is augmented 
the fufther the actual temperature is below the limit at which the inversion of 
effect tafos place. In hydrogen, at the temperature of liquid air, the fall is about 
one .quarter of a degree per atmosphere. In afr, according to Kelvin and Joule’s 
experiments! the fall in degrees Centigrade is given by the expression 

0-276 ( ? , 

where p } and p 2 are the pressures, in atmospheres, before and after the throttling, 
and T is the absolute temperature before throttling. 
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cooled by this drop escape through an interchange In close 
contact with the coil of pipe, so*that it gives up its cold to the gas 
which is on its way to the nozzle. This produces a preliraihaty 
cooling of the gas that is not yet expanded ; its expansion through 
the nozzle then cools it further, <tfind alter that it passes away 
through the interchanger to effefct a stilly further cgoling of the 
incorrfing gas. The process goes on cumulatively, and the tempera- 
ture in the pipe and at the nozzle falls without limit, or rather 
until a limit «is reached which is determined by the leakage in of 
heat from outside, and by the imperfection of the interchanging 
process. , 

But if care be taken to insulate the apparatus well, and make 
the interchanger so efficient that the temperature of the gas as it 
finally escapes is only very little lower than the temperature of 
the compressed gas that is* entering the pipe, an exceedingly [ow 
level of temperature may be reached at the nozzle, a temperatuife, 
indeed so low that the air which issues from the nozzle will be in a 
liquid state. The early stages may bo abbreviated if the com- 
pressed- gas is cooled to some extent beforehand by other means 
as, for instance, by passing it through a pipe # surrounded with 
carbonic acid snow. Such precooling will not only make* lique- 
faction begin sooner but will increase the proportion of gas that is 
liquefied when the working of .the apparatus has reached a steady 
state. * , 

There are two essential factors in this* regenerative method of 
producing extreme cold, namely (1) the drop in temperature on 
expansion, and (2) the interchange of heat by which the air which 
has already suffered that drop cools the air that # has yqt to be* 
expanded. The drop in temperature mjiy, as we have seen, be 
produced Jby expaiision under such conditions that the air does 
work, instead of by expansion through a nozzle, when it does not. 
Expansion doing work would bq theoretically better, inasmuch as 
it would yield a much larger drop: but 'practically expansion, 
through a nozzle has so far been found to be best when extremely 
low temperatures are aimed at. The use of a piston and cylinder 
at temperatures such as tfiaif of liquid air would involve formidable 
difficulties in the way of lubrication as well as of thermal insula- 
tion, and much the sam$ objtctihn would apply to a turbine, 
^hich has been thoifjght of as art alternative jneans of augmenting 
the drop by .giving the expanding # air work to do. 1 nozzle is* 

B..E. ‘ 10 
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easily insulated frojn its surroundings. An expansion cylinder is 
not oiily harder to insulate, but will have heat generated within 
it*bj friction. Solvay, using an .expansion cylinder to cause the 
drop, found that the lowest temperature he could reach was 
- 95° C. ; beyond this jk>int the losses were in excess *of the 
cold produced. But a temperatlire of — 200° C., or even lower, is 
reached without difficulty, when instead of an expansion cylinder, 
a throttling nozzle is used to cause the drop. 

This principle of • regenerative cooling was first, successfully 
employed by Linde for the production of extremely low tempera- 
tures, and for the liquefaction of air. In the summer of 1893 he 
invented an apparatus, shown diagrammatically in Fig. 51. It 
consists of an in ten-hanger, C D E, formed of two spiral coils or 
worms of pipes, one inside tile other. A compressing pump P 



Fig. 51. Linde's Regenerative Apparatus. 


'delivers* air under high pressure through the valve, II, into a 
cooler*, J, where the heUt developed by compression is removed 
by water circulating in the ordinary way from an inlet at K to an 
outlet at L\ The highly compressed air then passes on through 
the pipe BC to the innbr worm, and after passing through the coils, 
*D E, expands through the throttle- valve, II, into the vessel T, 
thereby suffering a drop in temperature. Then it returns through 
the outer worm, F, and, being in fclose contact with the inner worm, 
gives* up its cold to the gas that is still on its way to expand. 
Finally it reaches the compression cylinder, P, through the suction 
valve, G } and is compressed to go* again through the cycle. Th ( c 
tap, V, allbws the liquid gas to be drawn off, and this loss is made 
good by pumping in more air through the stop-valve’at A . 
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Linde used no preliminary cooling of the •air. Starting with 
everything at atmospheric temperature, he succeeded? in** May, 
1895, after some 15 hours of continuous operation’ in producing so 
great an accumulated effect that liquid air began to run out of 
the noazle. He patented the process in June of that year, and the 
earliest account of his work published ip English# appeared in 
October in the Engineer 1 . The novelty and excellence of Lihde’s 
invention lie in the combination of the regenerative interchanger 
with the expansion nozzle as a deans of producing what I havp 
called the drop. The regenerative principle had been employed 
before to accumulate the cooling effect of expansion in a cylinder, but 
no one had used it to accumulate the small effect which hr*i been 
exhibited by the experiments of Kelvin and Joule. 



Fig. 52. 

Mile recently the sanje ftiethod has been employed by Dewar, 
and has led, in his hands, to the construction of a remarkably 
simple laboratory apparstfus for ^liquefying oxygen or air. # A 

general view of the Apparatus is*shf)wn in Fig. 52 and ap section in 

• • 

1 See also the Engineer of November 13 and 20, 1896. 

• • 

10—2 




from*' the other, flask. This preliminary cooling is used to 
’ accelerate the action. Linde showed that it was possible to 
start, with air at the atmospheric temperature, and to get it 
cooled down below the critical point and ultimately liquefied. 
But by using carbonic < acidy tq cool the , air beforehand te 
— 80 C C. or so, the action is much hastened, and in about five 
minutes we pn/i liquid oxygen streaming from the* nozzle into 
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the vacuum vessel placed there to receive # it, Owing to* the 
presence of slight imparities, • it is a turbid-looking jjquid, but 
when we pass it through a filter paper Into another vaauwm 
vessel it becomes clear and shows* the pale blue tint characteristic 
of liquid oxygen. Following Professor Dfewar, we may demonstrate 
some of its properties. That it* is giving off oxygen vapour is 
show® by dipping a glowing match into*thh top of the vessel*- the 
match immediately bursts into flame. A spiral of lead wire 
dipped into.the liquid becomes, so elastic under the extreme 
cold that a weight hung from it will dance up and down as *t 
would if the wire were qf steel. But as the lead spiral recovers 
its usual temperature* by taking in heat from the air of the room 
its elasticity disappears, and the weight, which it bore easily when 
cold, begins to draw it out and Anally pull^ it nearly straight. 
Another effect of the cold* is shown by dipping a sponge into the 
oxygen and* applying it to the back t>f a piece of paper colour*^ 
with cinnabar: the pink, colour/ of the cinnabar disappears. 
Another is shown by applying liquid oxygen to some spot on the 
outside of a flask full of bromine vapour. * The 'flask losgp W 
orange colour, for the vapour has c®ndensed, forming a solid deposit 
on the glass at the place that has been chilled. An ^india-rubber 
ball dipped into the liquid oxygen becomes so brittle that when it 
is thrown against the wall it breaks into fragments, and apiece of 
rubber tubing similarly chilled snaps like a rod of glass when we 
attempt to bend it. Organic substanocsj such as an egg-shell or 
an ivory p{t)t>er;knife/ when cooled by liquid oxygen, and tfien 
exposed to the strong light of the electric arc ; show phosphorescence 
in the dark. A magnet is strengthened by the extreme cold, as 
the molecular theory would lead us to e?|pect. The magnetic and 
electric qualities of matter at low temperature have lately been 
the subject of extended study by Professors Fleming and Dewar. 

It is a curious coincidence in the history* of invention # that 
some four or five week’s before Dr Linde Applied for his English* 
patent an application accompanied by a provisional specification 
was^lcd on 23 May, 1895,* by Mr William Hampton, for 
"Improvements relating. to*the progressive refrigeration of gases. ” 
The text of this provisional specification was brief, and may be 
quoted in fulf: — “The visual* cy&e of compressing eooling # and 
expansion is modified by using* all the gas* after its expansion, to 
reduce as nearly as possible to its cftvn temperature the compressed 
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gasVhioh is on its # way to be expanded; with this object all the 
expanded t gas surrounds the pipb or pipes of compressed gas 
throxgh all their length from the* point of expansion to the point 
of normal temperature, and the length of pipe is sufficient to allow 
of the fullest possible irftercha/ige of temperatures between the 
compressed and expanded gas. 

]>, is by no means* easy to say how much credit shoitf.d be 
assigned to this publication. Docs “ the usual cycle of compressing, 
cooling, and expansion” mean* a cycle in which • expansion is 
performed in a cylinder,* as it is in ordinary air machines, or by 
passing through a throttle- valve, as in^machiues which use am- 
monia or sulphurous acid or carbonic acid? Mr Hampson was 
endeavouring to get his ideas brought to a practical issue for some 
years before the date of his 'application, but he had made no 
apparatus. Meanwhile, Dr Linde’s 'invention was produced, 
complete, and in a form ‘that demonstrated its practicability. 
Whatever credit belongs to'Mr Iiampson takes nothing from 
that which is due to l)r Linde. Since then, Mr Hampson has 
mdd^ experiments at' Brin’s Oxygen Works, and he informs mo 
that with only 90 or 100 atmospheres of pressure he has got liquid 
air in • three-quarters of an hour without any preliminary or 
auxiliary refrigeration. 

In Linde’s first apparatus the interchanger was made of iron 
pipes, with internal diameters exceeding 1 and 2 incfies respectively, 
and weighing, with the collector and its fittings, fully one and a 
quarter tons. It was the large mass of the apparatus that made 
the period of cooling take as long as 15 hours, but once liquid air 
Itegan to, be formed, inore, than half a gallon (3 litres) was got per 
hour. , With a smaller apparatus weighing half a ton, and with 
higher pressure, the period of cooling was reduced to fire hours. 
In that case «the air to be liquefied was distinct from the air which 
circulated through the* tubes. It, was pumped under a pressure 
pf three atmospheres rnto a separate closed vessel placed within 
the chamber into which the nozzle of the interchanger opens. 
In a th\rd experiment, Linde used copper tubes weighing 130 lbs., 
and reduced the period of cooling to 4 two hours, one-fifth of a 
gallon of liquid air being then obtained per hour. We have seen 
that by the use of lighter apparatus, with the aid of auxiliary | 
cooling by carbonic acid, small qhafttilies of liquid air may be got 
in a still shorter time. 
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In cooling a gas by making it expand through a coiistrfbted 
orifice, the amount by which the temperature clrops is proportional 
to the difference of the pressures p 2 and p L on the. two sides <d the 
orifice. But the work which the pump has to do in forcing the 
air to -pass again and again round the feycle depends not on the 
difference but on the ratio of p 2 and *p lt Hence, to make the 
system efficient, what is aimed at is a far^e difference p 2 — but 

a small ratio — . This requires that p. 2 should be high, and p x 

• Pi • • 

nqpderately high. Dr Linde accordingly makes the upper limit nf 
pressure, p. iy about 200 atmospheres, and in some cases he makes 
the pressure ‘on tho other side of the orifice as much as 50 
atmospheres. Thus a drop of 150 atmospheres is then associated 
with the very moderate value of four for the ratio p. 2 to p L , On 
the other hand, if in passing the orifice the pressure of the gas * 
were allowed to fall to that of the aftnosphere, the drop on wTiifdi 
the cooling effect depends would # be increased from 150 to 199, 
but the ratio on which the work depends would be increased from 
4 to 200* The cooling effect would be only ond-third greater* 
whereas the work to be done by .the pump, which varies as the 
logarithm of this ratio, would be nearly four times as great in the 
second case as in the first. The efficiency of the process is there- 
fore nearly three times greater in the first case. 

Even after the apparatus lias become fully cooled down, and. 
has attained a uniform regime in its wouking, only a small portion* 
of the air that passes through the orifice is liquefied; *the gredter 
part returns to the pump to be compressed and scnt*through the 
orifice again. Hence it is important to maintain a comparatively 
high back pressure, p lf for* the greater pprt of the gas, an<T.only to 
allow the portion that is to be withdrawn from the apparatus to fall 
to atmospheric pressure. This is done in a more recent apparatus 
by Dr Linde, in the manner sljown in Kg. 54, •which illustrates a 
laboratory form 1 . 

There are two throttle- valves, a and o. All the’eompresged air 
passf^ through a, but only a email proportion (about qpe-fifth) 
passes also through b. . The passage through a causes a drop in 
pressure from 200 atmospheres to 16 atmospheres, and four-fifths 
of the air in circulation passes bilpk at that pressure through the 

middle one of the ‘three tubes # cotoiposmg the interchanger to the 

• • 

1 Exhibited a£ the Society of Arts, March, 1898 (Jour. Soe. Arts, March 11, 1898). 
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piuAp d» The remaining fifth passes through b, and about one- 
fourth? of ft gathers as liquid in the vaciium -jacketed vessel G at 
a pressure which is only so much ftbove that of the atmosphere as 
will allow the liquid to pass out' when the stop-cock h is opened. 



Fig. 54. 


The unliquefied or Ye -evaporated part of what has passed through b 
escapes through the outermost tube of the interchanges The 
pump, e takes in fresh air from the atmosphere, compresses it to 
16 atmpspheres’ pressure, and delivers it so that it mixes with the 
air which is returning at that pressure Vrom the middle tube of the 
interchanger to the pump d. The pump d delivers air at 200 
atmospheres to the innermost (ub6 of the interchanger through t 
which it passes to the throttle values.' The compressed air, on leaving 
each pump, passes through a coil in a water-cooler which also serves 
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to jacket the pump. A small quantity of wa^er is drawn#in cflong 
with the air by the low-fressure pump,* and this, togetfiy with the 
natural moisture of the air, is extracted as completefy as possible, 
first by means of a separator /, anfl then by making the compressed 
air pass through a coil g in a batji of ite and salt before it goes 
into the interchanger. The interchanger is enclosed in a case • 
packed with sheep’s wool. 

The machine circulates about 15 cubic metres of air per hour 
in the circuit from 200 atmospheres to 16 atmospheres. About 
three cubic metres per hour are pumped# in from outside, and tffis 
is the amount which passes through the lower valve. About 0*9 
litre of liquid air are formed per hour, with a continuous 
expenditure of three horse-power. 

# 

Application of the Method to Extract dxygen from Air. 

The firSt application of Linde$ invention as a means 
separating the oxygen from the nijft’ogen of air was made by Linde 
himself, and is included in his patent* of June, 1895. The principle 
is that when air is liquefied, the nitrogen, Being rather the^rafore* 
volatile constituent, tends to evaporate first. Its boiling point is 
only about 13° below that of oxygen, but this difference is # enough 
to cause the liquid air that is left in the vacuum vessel to become 
richer and richer in oxygen as the process of evaporation goes on. 
By letting a considerable part of the liquid evaporate a liquid* 
residue is left which consists largely# of oxygen. Hence in the* 
later stages # of the evaporation an atmosphere is given off in wliich 
the proportion of oxygen is relatively large. Linde's* object is to 
obtain, for commercial uses, such an atmosphere. He effects this 
by dividing the interchdtoger into tw$ parts, down which the 
Compressed air streams in parallel (Fig.*55) through the two inner 
pipes, which converge at A. The compressed air goes on through 
a worm in the receiver, B, passes the* fchrottle-valve, C, ^nd is 
delivered into B in a liquid state. From Uhe sferfafce.of the liquid 
in B , nitrogen (mainly) evaporates, its evaporation bbing stinyilated 
by worm in B, and this passes off through one of Jfche two 
interenangers, going out a£ N, The liquid in B becomes Tick in 
oxygen, and this is allowed to pass slowly through the throttle- 
valve, D , into* the oute» coil *of Vie other interchanger, where it 
evaporates, gives ifp its cold tef thfe incomir^ air, and' passes out at 
0. The gas drawn from 0 consist! largely of oxygen.* The supply 
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[>f dompressed air to the two parts of the coil is regulated by two 
stopcocks at the top, so that the' escaping gases have the same 
temperature,* and care is taken tp make that temperature only a 
few degrees lower than the temperature at which the compressed 



Fig. 55. 


air goes in. Notice in this device the important function dis- 
charged by the«wown in B. It enables the Intent heat required for 
the evaporation of the liquid to be extracted from the incoming 
compressed air, which thereby* beaomes, in fact, liquefied. This is 
an extension of the regenerative principle and leads to a great 
economy of power. We may say that the principle of interchange 
is here applied to the latent Ijbat* of liquefaction as welt as to t 
the heahthat is given,out‘in cooling the gas to the temperature 
at which liquefaction takes pladb. 
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The separation of the two gases is no pieans complete*but 
by allowing a rather large proportion of the whole licju$fie<* air to 
escape through N by evaporation from the surface it is practicable 
to get from the 0 tube a gas containing some 50 or 60 per cent, of 
oxygen. * ; 

Dr Linde has given me the fdllowing figures, deduced from his 
own Experiments, which show how the* constitution of the liquid 
changes during slow evaporation. In the Table m is the per- 
centage of the whole liquid whi*h remain® at each stage in the 
e T *aporation ; a is the percentage of oxygen in it ; b is the per 1 
centagc of oxygen in the vapour then coming off, and n is the per- 
centage of the original quantity of oxygen which still remains in 
the liquid. 


m 

Ter ceut. of 
liquid no! .yet 
evaporated 

a * 

Per cent, of 
oxygen in 
liquid 

• 

b 

fier cent, of 
oxygon in vapour 
/ coming off 

* 

n 

Ter cent, of # 
original oxygen 
still in liquid 

• iPOO 

231 

7-5 • 

100 _ 

50 

37*5 

15 

8Cfc 

30 . 

50 

# 23 J 

* 65 

20 

60 

34. 

. 52 * 

15 

67*5 

42 

43 

10 

77 

52 

33 

5 

88 

• 

70 

1!> 


• § 

These results are also given in the* curve* of Fig. 56. 
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Thu*, for example, by the time 70 per cent, of the liquid has 
disappeared in quiet evaporation, the remainder (viz., 30 per cent.) 
contains 60 per cent, of oxygen. The gas then coming off contains 
23 per cent, of oxygen. And out of the whole quantity of oxygen 
which was present in the 'original liquid 65 per cent, is still there. 

I understand these figures w£re obtained by examining the 
proportion present in the gas given off at each stage: in other 
words, the points in the curve b were found by experiment, and 
the other quantities were deduced by calculation £ r om these. 

• * It is only when evaporation is going on very quietly that these 
results hold good. Anything like violent boiling has the effect of 
carrying off the oxygen more rapidly, and consequently of prevent- 
ing, to some extent, the enrichment of the residual liquid. When 
this method of separating oxygen from nitrogen is carried out on 
a commercial scale, the evaporation Cannot well take place so 
quietly as it took place in these experiments. Dr IJhde tells me 
that whep working under practical conditions he has to allow 
about four-fifths of the liquid to evaporate in order that the residue 
'shall, contain 50 per' cent, of oxygen. Even then, howovci, some 
40 to 45 per cent, of the original oxygen remains in the un- 
evaporated liquid 1 . 

Laboratory form of Interchanger. Liquefaction of 
Hy/jlirogen by Dewar. 

• » •• 

Fig. f 57 illustrates one of the simplest forms in which the heat 
interchanger has been* arranged by Professor Dewar for laboratory 
work cm a small scale. «A single spiral of copper pipe, BA, fits 
closely into a vacuum vessel, and another vessel in the form of a 
closed tube from which the air has been extracted fits closely into 
the spiral. The annulac space between the two is formed into 
a helix by the spires of the copptr tube,, and up this helix the 
•expanded gases pass alter issuing from the nozzle at the bottom 
of tht tube. Ttye vacuum vessels shelter the coil against con- 
duction of heat either from outside or from the middle space. 

Fig. 58 shows the arrangement used by Professor Dewar to get 
a jet of liquid hydrogen. The hydrogen, highly coippressed in the 

t *' « 

< r> * 

1 These methods of sepal ation are superseded by an improved method invented 
later by Linde and described below, pp. 161 et seq, (1906.) 
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flask A, passes first through a coil cooled ]by carbonic acid»snotv in 
By then through another cooled by liquid* ethylene ih (J, and goes 
on to the third vacuum vessel D,*which contains a* long coil serving 
as an interchanger. It expands* at the bottom of this coil, 0 , t 
through a pin-hole opened by the « crew -Valve at F, and escapes at 
E after passing up in intimate cohtact with the coil v 




Fig. 57. 



Fig. 58. 





158 


, applications of extreme cold 


„ 1 Properties of Liquid Hydrogen 1 . 

« « 

*’9Sncc these 'lectures were delivered Sir James Dewar has 
succeeded in obtaining liquid hydrogen in large quantities 2 . He 
finds it — contrary to the ^expectation that it would have metallic 
properties — to be a colourless transparent liquid of extraordinary 
lightness, with a density about one-fourteenth that of water. Its 
critical temperature is about -241°C. By evaporation under 
reduced pressure it itfay be frozen into a transparent solid. Its 
properties are best deserfbed in Dewar’s own words 3 : 

“Liquid hydrogen is a colourless transparent body of extra- 
ordinary intrinsic interest. It has a clearly defined surface, is 
easily seen, drops well, in spite of the fact that its surface tension 
is only the thirty -fifth part of that of water, or about one-fifth that 
of liquid air, and can be poured easily from vessel to yessel. The 
]i<Juid docs not conduct electricity, and, if anything, is slightly 
diamagnetic. Compared witji &n equal volume of liquid air, it 
requires only ope -fifth the quantify of heat for vaporisation ; on the 
of Ken hand, its specific heat is six times that of liquid air or three 
times that of t wat 9 r. The coefficient of expansion of the fluid is 
remarkdble, being about ten times that of the gas; it is by far the 
lightest liquid known to exist, its density being only one-fourteenth 
that of water; the lightest liquid previously known was liquid 
. marsh gas, which is six times heavier. The only solid which has 
so small depsity as ,to lioafi iipon its surface is a piece of pith wood. 
It is by t far the coldest liquid known. At ordinary atmospheric 
pressure it boil^ at - r 252 , 5°C. or 20 5 degrees absolute. The 
cVitical point of the liquid is from 30 to 32 degrees absolute, and 
the critical pressure nolt more but probably , less than fifteen 
atmospheres. The vapour'of the hydrogen arising from the liquid 
has nearly thfc density of air — that is, it is fourteen times that of 
the gas at the ordinary ‘temperatura. Reduction of the pressure 
by an air-pump brifigs down the temperature to — 258°C., when the 
liquid tbecomes a solid resembling frozen foam, and this by further 
exhaustion is cooled to — 259'5 ; ’C.,br 13^ degrees absolute, which is 
the lowest steady temperature that has been reached. • The solid 
t may also be got in the form oi a. clear transparent jee, melting at 

* 1 This and the remaining paragraphs are added in 1908. 

^ Proceedings of tlfe lioyal Institution, Jan. and June, 1899. 

1 Address as President of the British Association, Belfast, i902. 
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ibout 15 degrees absolute, under a pressure of # 55 posseting 
ihe unique density of one-tcnth*that of water. * Such coljl involves 
die solidification of every gasecyus substance but one that is *at 
present definitely known to the chemist, and so liquid hydrogen 
introduces the investigator to a wojjd of solid bodies. The contrast 
between this refrigerating substance and liquid air is most 
remarkable. On the removal of the loose plug of cotton- wool,used 
bo cover the mouth of the vacuum vessel in which it is stored, the 
iction is followed by a miniature snowstorm of solid air, formed 
b)* the freezing of the atmosphere at the point where it corner 
into contact with the cold vapour rising from the liquid. This 
solid air falls into the’ vessel and accumulates as a white snow at 

t * 

the bottom of the liquid hydrogen. When the outside of an 
ordinary test-tube is cooled by imirtersion in tfie liquid, it is soon 
observed to fill up with solid air, and if the tube be now lifted out 4 
a double effect is visible, for liquid 'R,ir is produced both in^thc 
inside and on the outside* of the Aube — in the one case by the 
melting of the solid, and in the other by condensation from the 
atmosphete. A tuft of cotton-wool soaked ih the liquid anjjjdicn 
held near the polo of a strong magnet is attracted, and ft might 
be inferred therefrom that liquid hydrogen is a magnetic bodv. 
This, however, is not the case : the attraction is due neither to tfie 
cotton- wool nor to the hydrogen — which indeed evaporates almost 
as soon as the tpft is taken out of the liquid — but to the oxygen . 
of the air, which is well known to be ^magnetic body, frozen in 
the wool by 'the .extreme cold. 

“The strong condensing powers of liquid hydrogen afford a 
simple means of producing vacua of veryjiigh tenuity, tyhen one 
end of a sealed tube containing ordinary air is placed for & short 
t'ime in the liquid, the contained air accumulates as a solid at the 
bottom, while the higher part is almost entirely deprived of par- 
ticles of gas. So perfect is ihe vacuunl thus formed, thf$ the 
electric discharge can be made to pass hnly’*witfi .the greatest 
difficulty. Another important application of liquid air, Jiquid 
hydf-^cn, &c., is as analytic agents. Thus, if a gaseous jnixture 
be cooled by means of liquid oxygen, only those constituents -will 
be left in the gaseous state which are less condensable than 
oxygen. Similarly, if this galeor* residue be in its turn cpoled 
in liquid hydrogen a still further Reparation will be effected, every- 
thing that ns less volatile than hydrogen being condensed to a 
liquid or solid. By proceeding in this fashion if has been found 
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possible <to isolate hplium from a mixture in which it is present to 
the extent} of only o*ne part in one 'thousand. By the evaporation 
of-aoiid hydrogen under the air-pump we can reach within, 13 or 
14 degrees of the zero, but there or thereabouts our progress is 
barred. This gap of 13' degrees might seem at first sight in- 
significant in comparison with Vhe hundreds that have already 
been, conquered. . But 'to 'win one degree low down the scale is 
quite a different matter from doing so at higher temperatures; 
in fact, to annihilate these few remaining degrees weuld be a far 
greater achievement thanrany so far accomplished in low tempera- 
ture research. For the difficulty is twofold, having to do partly 
with process and partly with material. The application of the 
methods used in the liquefaction of gases becomes continually 
harder and more troublesome’ as the working temperature is 
reduced ; thus, to pass from liquid air to liquid hydrogen — a 
deference 0 f CO degrees— is,* from a thermodynamic point of view, 
as difficult as to bridge the gep of ISO degrees that separates 
liquid chlorine. and liquid air.” 

■ r Liquefactidh of Helium. 

The liquefaction of helium, the most intractable of gases, is 
announced by Professor Kamerlingh Onnes of Leyden 1 , He 
, obtained 60 cubic centimetres of the liquid and fqund that it did 
' not solidify under a pressure reduced to 1 cm. of mercury. Its 
boiling point is given as 45 degrees absolute — a temperature far 
lower than anything reached before and astonishingly near the 
absolute zero. Its density is 0*15. 

Previous attempts by* Olscewski and by Dewar, using sudden 
expansion after the 'gas under pressure had been cooled by liquid 
hydrogen, had been unsuccessful. Dewar had also circulated 
helium in a counter-current apparatus to obtain cumulative cooling, ' 
J (jut he was unuble to carry the process fair enough through the 
inadequacy of ’ the supply of the gas. 

ft. ^ 

Occlusion of Gases by Charcoal at Low Temperatures. 

Before we leave the subject of low temperature research brief 
mention, may be made of r the important property which certain’ 
porous bodies and especially charcoal have of absorbing large 

1 The Times, July 20 and August 12, 1008. 
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volumes of gas when the temperature is low. This has Been 
studied by Dewar and tfpplied* by him to the* production of high 
vacua 1 . The absorptive power of.charcoal at ordinary temperatures 
has long been known: at extremely low temperatures it is # 
enormously increased. A graining of charcoal, for instance, which 
will absorb 18 cubic centimetres of oxygen at O'" C. will absorb 230 
cubi^ centimetres, or nearly 13 times as n\uch, at -185° C. #The 
corresponding number for hydrogen are 4 and 135 at the same 
two temperatures. This property affords# a convenient means 
of ^producing the highest degrees of exhaustion and also of separat- 
ing the less easily absorbed gases, such as helium and neon, from 
air or other gaseous mixtures. 


Further developments of the method of obtaining Oxygen 
, by liquefying air. Unification. 

Thanks to a further ifivontioif by Linde the preparation oi 
oxygen by liquefying air has now become a practicable commercial, 
process* which is already in use on a large scale and bid^ fcfir to 
make any chemical method obsolete. It enables practically pure 
oxygen to be obtained at a very modemte cost. By a further 
extension pure nitrogen may also be obtained, should that product 
be wanted. The separation of* the two constituents of air, wRidh 
was very imperfect in the earlier process described above, may 
readily be made as complete as is desired? This highly#important 
practical result has been accomplished by adapting in the treat- 
ment of liquid air the process known as rectification which has for 
long been used in distilling, whore it is used to extract splitt from 
the “wash” or fermented wort which is a f wealj mixture o£ Alcohol 
and water. In the still patented by tineas 0offey in 18 S 0 , there 
is a rectifying column consisting of a tall chamber containing many 
zig-zag shelves or baffle-plates. *The wash enters at the top of the 
column and triddes slowly down, meeting a current of steam * 
which is admitted at the bottom and rises up through the sh?lves. 
The f:^wn-coming wash ai^d tfle up-going steam* are thereby 
brought into close contact and an exchange takes place. At each 
stage some of the alcohol is eva^orcted from the wash and some of 
the steam is condensed, tfte heat supplied by the condensation of 

1 Proceedings of the, Royal Imtiiuiion, dan. iyuo, ana june, iy06. 
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the'steam serving to evaporate t'he alcohol. The condensed steam 
becomes part of the down-coming stream ‘of fluid : the evaporated 
ateokol becomes « part of the up-going stream of vapour. Finally 
at the top a vapour comparatively rich in alcohol passes off : at 
the bottom a fluid accumulates which is water with lhbtle or 
no alcohol in it. A temperature gradient is- established in the 
column: at the bottorh the temperature is that of steam and at 
the top there is a lower temperature approximating to the boiling 
point of alcohol. The wash enters at this comparatively low 
‘'temperature, and takes r up heat from the steam as it trickles 
down. 

In Linde’s device the same general idea is applied in a most 
ingenious manner to separate the less volatile oxygen from the more 
volatile nitrogen, primarily with the object of obtaining oxygen. 
In the apparatus there is a rectifying column down which liquid 
# air trickles, starting at the? top at a temperature p.*- little under 
— 194 r C. or 79° absolute, whiph is the boiling point of liquid air 
under atmospheric pressure.' As this trickles down it meets an 
‘ up-going stream of ‘gas which consists (at the bottom.) of nearly 
pure oiygen, initially at the ^temperature of about 91° absolute, 
that being the boiling point of oxygen under atmospheric pressure. 
As the gas rises and comes into close contact with the down- 
qppiing diquid there is a give and tajke of substance: at each stage 
some of the rising oxygen is condensed and some of the nitrogen 
in the down-coming liquid. is evaporated; the liquid also gains in 
temperature. By the time it reaches the bottom it consists of 
nearly pure oxygen: the nitrogen has almost completely passed 
«off as gas, and' the gas, <which passes off at the top, consists very 
largely of nitrogen. M^>re precisely it* consists of nitrogen mixed 
with abqut 7 per cfcnt. of<oxygen: in other words, out of the whole 
original oxygen content of the air (say 21 per cent.) two-thirds 
arc brought down as liqhid oxygqn to the bottom of the column, 
while one-thiid passes- off unseparated along with all the nitrogen. 
The t oxygen which gathers at the bottom is withdrawn for use and 
is evaporated iii serving to liquefy fresh compressed air, which is 
pumped intef the apparatus to undergo the process of separation. 
The cold gases which are leaving the apparatus, namely the 
oxygen which is the useful pr<jduc6, and, the nitrogen which passes 
off as waste gas at the top of the column, are made *to travers'e 
counter-current interchanged’ on their way out, so as to give up 
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bheir cold very completely to the incoming compressed ail wliich 
is on its way to be liquefied. # 

In the diagram, Fig. 59, these counter-currerft intercharf^dfs 
are omitted for the sake of clearness, but the essential features of 
the condensing and rectifying apparatu^ are shown. * The figure 
is based on one given in Linde's patent ( of June J.902, which 
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describes %nd claims th$ invention by which the process of rectifi- 
cation hsrc* \»een successfully applied in the extraction of oxygen 
fr&ifi' air. # 

There A is the rectifying column, consisting in this instance of 
a vertical chamber stacked with glass balls, through the interstices 
of which the liquid trickles down. The lower part B contains an 
accumulation of fluid which, when the apparatus has been at work 
long enough to establish a uniform regime , consists of nearly pure 
liquid oxygen. Compressed ai f, which has been cocked by passing 
‘through a counter-current interchanger, enters at C, becomes 
liquefied in the vertical condenser pipes I), whiqh are closed at 
the top, and drops down into the vessel E. It gives up its latent 
heat to the oxygen in B, thereby evaporating a part of that, and 
so supplying a stream of gaseous oxygen which begins to pass up 
thp rectifying column. On its way up this stream of gas effects 
' an exchange of material witli the liquid air which is trickling 
down : gaseous oxygen is condensed and returns with the stream 
to the vessel Ji, while nitrogen is evaporated and passes off at the 
topvf the column, at iV, mixed with some oxygen. The escaping 
gas goes through the intefehanger, giving up its heat to the 
incoming compressed air. 

The accumulation of liquid oxygen in E overflows into the 
lo\frer vessel F, where a supplementary supply of compressed air 
entering at G is employed to evaporate it by means of a similar 
arrangement of condenser tubes open at the bottom and, closed 
at the Cop, .this air becoming itself condensed in the process, and 
falling as a liquid into the vessel H. The condensed air from t 
*F and 'from H is still* under pressure: it passes up through 
reguldtjng valves to* the top of the rectifying column where 
it is discharged over the glass balls at a pressure not Materially 
above that*of the atmosphere. This secures the necessary drop 
in temperature between the bdotom aijd top of the column, 

1 and allows* the compressed air to play the rote of heater and 
evajforator of the liquid oxygen at the bottom at the compara- 
tively ‘high temperature ( of about 9 l° t absolute before it enters the 
column. In other words, it not only corresponds to the “ wash ” of 
the Coffey still but it also serves as the equivalent of the heater 
by which the liquid at the bottom of tHe stili^gives off an upward 
current of. steam. Gaseous <oxygen, the product of the Linde 
process, passes c off at 0, and the waste gas, consisting mainly of t 
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nitrogen, at N : they both pass through the counter-current iifter- 
changer, giving up their* heat to the compressed air* \Shich •enters 
partly at C and partly at 0. It is of course the waste ga$es*in 
this process that form the analogue of the rectified spirit which is 
the useful product of the Coffey stjll. • 

There is no need to let the li(juid in J? overflow into a separate 
Ves^l to be evaporated there. The whflle of the evapojpting 
process may be carried out in B and the vessel F may be dis- 
pensed with* This is in fact done in the apparatus a* it is 
practically used by the British Oxygen* Company. Under thCSe 
conditions all the compressed air enters at G and is condensed in 
the pipes D: part df the oxygen which it evaporates in con- 
densing passes up the column to effect the rectifying action, 
and the remainder, forming the product of the, machine, is allowed 
to escape through an exit |)ipo which opens just above the level of ' 
the liquid. *• 

In commencing to work the jhaemne tnc air is nigniy com- 
pressed as in Linde’s earlier process, but after the operation has 
gone 6n for some time and a steady state fs approached ^jnucli 
lower pressure^ sufficient. It must of course be high dfiough to 
make the air liquefy at the temperature of the liquid ‘oxygen 
bath, say 91° absolute, and it is in practice kept higher than 
this to ensure that the drop, in passing through the regulating 
valve may be .sufficient to make good thermal losses due to# 
leakage of heat from outside and tft jimperfect interchange in 
the counter-current apparatus. The pitjssure after pacing the 
regulating valve is only some 4 or 5 lbs. per square inch above 
that of the atmosphere — just enough ttf cause the gases, to escape 
freely through the countef -current interihanger.. • 

The*essential features in this proceSs ar^(l) that the* air to be 
condensed is first cooled by a counter- current interahanger to a 
temperature approximating t» that of the evaporation products, 
(2) that it is* then caused to give up* its ‘kitdht, heat to the 
evaporating liquid, and (3) that the liquid air is ftubjected*to the 
recttWnng action of vapour fronf the evaporating liquid. , 

For some time after the apparatus is first started* a high 
pressure is needed to secure liquefaction of the air, and the recti- , 
, fying action is imperfect, buf as* the, process goes on the liquid 
contents of the vessel B become richer ami richer in* o?fygen, the 
rectificatiofi becomes more complete, and the pressure may be 
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wu6h reduced. U^der practical conditions it -is easy to secure- 
that the gaseous product shall be pure to^the extent of containing 
98. y^r cent! of r oxygen. The irking pressure, after a steady 
condition is reached, is about 50' atmospheres. Initially when the 
apparatus is started it it aboi\t three times this, and the initial 
stages occupy about three' hours,* before the steady output begins. 

Ip the process as crfrri'ed out by the British Oxygen Company 
the counter-current interchanger takes the form of a compound 
spiral pipe wrapped round the , rectifying column. ,,Fig. 60 is a 
factional diagram showing the general arrangement of the pipes, 
a, a, a are three small pipes which convey the compressed air to 
the apparatus, the whole supply being divided between the three. 
One of the three 'is surrounded by a pipe b through which the 



Eig. 60. Arrangement of pipes in co.unter- current interchange! 1 . 

1 c 

useful product, the oxygen, is led out. The whole'set is enclosed 
in the pipe c, through w&ich the waste gases escape. t There is a 
fore-coolnr kppt cold by' means of carbonic acid which cools the 
compressed air tfufficiGntf y to dry it by depositing the moisture 
before «enters the interchanges and any carbonic acid in the air 
is extracted by passing k through slaked limq or a solution of 
caustic soda before it enters the compressor. 

, Baly’s Curves. 

Thp action 1 of the rectifying column will be made more in- 
telligible if we refer to the results of experiments published in 
1900 bj Baly*t which deaP with the nature of the evaporation in 
liquid mixtures of oxygen and nitrogen. Given a mixture of 
these liquids in any assigned jiro^ortion, equilibrium between 

v A Baly; Phil. Mag., vcA. xlix. p. 517, 1900. 
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liquid and vapour* is possibly only when the, vapour^ contains a 
definite proportion of the two Constituents, bift this'jprjportion is 
not the same as that in the liquid mixture. Say for e*ampl<*that 
the liquid mixture is half oxygen and half nitrogen, then according 
to Bafy’s experiments the vapour proce^iing from such a mixture 
will consist of about 22 per cent, of oxygen and 78 per cent, of 
nitr6£en. With these proportions there \$ill be equilibrium. If 



Pig. 81 . 


however a vapour richer than this in oxygen were brought into con- 
tact with the half-and-half liquid, part of the gaseous oxygen would* 
condense and part of the liquid nitrogen woijd be evaporated 
untitifhe proportion giving equflibrium^were reaches}. The curve, 
Fig. 61, shows for each proportion in the mixed liquid what is'the 
corresponding proportion in the ^pour necessary for equilibrium : 
in other wohls whqt is tile proportion which the constituents*have 
in the vapour when that is being Ijprmed bf the evap 9 ration of the 
mixed liquid in the first stages of such an evaporation, before the 
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proportion f of the liquid changes. .In this curve the base line 
specifies the/ proportion 0 f oxygeft in the liquid mixture, from 
0V)100 per cent., and the ordinates give the proportion of oxygen 
in the corresponding vapour when the vapour is formed under a 



pressure equal to that of tfne atmosphere. . Much the $ame general 
relation will hold at other pressures, though the form of the curves 
may not be quite the same. t ^ * • 

It will be seen frpin this that when the evaporating liquid 
mixture is liuuid air (oxygen 2i per cent., nitrogen 70 per cent. 1 ). 
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the proportion of ‘oxygen present in the vapour that is coming off 
is about 7 per cent, or a little fcss. 

This is what occurs at the*top of the rectifying column** in 
Linde’s invention, where the liquid that is evaporating is freshly r 
formed liquid air, and hence the waste j*ases carry off about 7 per 
cent, of oxygen as has been already stated. Coming down the 
coluftin the liquid finds itself in contact with gas containing more 
oxygen than corresponds to equilibrium. Accordingly oxygen is 
condensed and nitrogen is evapomted at each stage in the descent, 
in the effort at each level to reach aP condition of equilibrium 
between the Jiquid and* the vapour with which it is there in 
contact. * 9 9- 

Fig. 62 is another form of Baly’s curve, the form, namely, 
ill which the results of the experiments wore originally shown. 
There the ordinates represent temperature, namely the absolute 
temperature* (in centigrade degrees J at which, under atmospTufrip 
pressure, the mixed liquid boi/s,^and two curves are drawn 
which show by means of the scale on the base line the per- 
centage Constitution of (1) the liquid air, *(2) the vapou£. when 
the condition of equilibrium between liqqid tjnd • vapour is 
secured 1 . A horizontal line drawn across the curves* at any 
assigned level of temperature shows the composition of vapour 
and liquid respectively for t(jat temperature, when th & tw9 are 
• 

1 yife following tiguroa ure gLveu by lialy : 
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in Equilibrium, Taking an intermediate point between the top 
and bottojn of thE rectifying column, where the temperature 
hat, that value, •■we should find «• the respective compositions of 
^ liquid and vapour there to approximate to the values found 
from the two curves, thik approximation being closer the' more 
slowly the liquid trickles down dnd the more intimate the contact 
between liquid and gas.' / 

If a similar condition of equilibrium holds at each stage in the 
process of liquefying a mixture of the gases these curves may also 
be taken as showing what is the proportion of the constituents in 
the mixed liquid at each stage as condensation of $he mixed gas 
.proceed^. Thus wfyen air containing 21 per cent, of oxygen begins 
to liquefy the liquid initially formed should, under equilibrium 
conditions, be much -richer in oxygen : its proportion according to 
the curve is 48 per cent. 

. * 'these conditions are approximately realized when the process 
known as “ scrubbing M is resorted to in the liquefaction of air. 
By this process which will be presently described in the form in 
which, it has been practically earned out by Claude, a partial 
separation betweeq the two constituents is effected during the act 
of liquefaction. 


Complete Rectification. 

In Linde’s invention 0^1902 the rectifying process is incom- 
plete, for*. although the process yields as pure oxygen as is desired 
it leaves a party of the oxygen to escape in the waste gas and it 
does not- ‘yield pure nitrogen. In a commercial process for the 
manufacture of oxygen this is of no consequence : for the raw 
material costs nothing and the nitrogen is not wanted. But a 
modification Of' the process enables separation to be made sub- 
stantially complete, should it be desired to complete it, and allows 
approximately pure nitrogen to be obtained, as well as oxygen. 

This modification consists in extending the rectifying column 
upwards' and ;n supplying it at ‘the < f op with a liquid rich in 
nitrogen. To do this Linde himself proposed, in 1903*, to liquefy 
» a portion of the impure nitrogen, which formed the waste gas of 
the rectifying column, and then fo lejb it trickle down the extended 

1 British Patent No. 11221, May 1903 (Lightfoot). 
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part of the column, to give, supplementary Rectification* This 
liquid containing originally say 7 per cent, of *oxygeh gives off a 
vapour containing some 2 per aent. only. Hence t& procass'of 
rectification is at once advanced t& a stage which leaves only 2 per 
cent, of oxygen in the escaping gas : 9 then by condensing some of this 
gas and using it as the liquid to bei*8upplied at the top of the column 
a further stage is reached, and so on, until the rectifying process 
ultimately becomes complete and the escaping product contains 
practically nc* oxygen at all. » • 

• In the idea of supplementary rectification by means of a liquid 
rich in nitrogen Linde was anticipated by a patent of the Soci6te 
pour l’exploitation des procedes Georges Claude 1 * . Thisjoatent 
describes a fractional method of liquefaction which separates the 
condensed material at once into ttfo liquids, one containing much 
oxygen and the other little* except nitrogen. The latter is sent to 
the top of the rectifying column, \fhile the former enters *tbe, 
column at a lower point, approprirrfe to the proportion it contains 
of the two constituents. Practically pure nitrogen passes off as a 
gas atthtf top, and practically pure oxygen from the botton^. 

Fig. 63 is a diagram showing -this modified process -ih a form 
which it took somewhat later 3 . The counter-current iptercllangers 
which are of course a part of the actual apparatus are omitted 
from the diagram. ■ , * • 

Compressed iiir, cooled by the interchanger on its way, enters the 
condenser at A. The condenser consteffe of two sets of vertical 
pipes, communicating at the top where *they all open yito the 
vessel B, but separated at the bottom. Thp central pipes, which 
open from the vessel A, are one set: the other set form, a ring 
round them and drain into the vessel C. • Both sats are immersed 
in a bath, S, of liquid which, when the ifiachiae is in full operation 

1 British Patent No. 28682 of 1903, taking date 3 {Tan. 1903, that being the date 

of the first foreign application. The same idea is alsa,fou*d in a patent by 
R. J. Levy, No. 6649 of 11th March, 1903.' , * 

3 As described by G. Claude in a note communicated to ttye Frenoh Acadtemy of 
Sciei^yS ( Comptes Rendu#, 20 Nov. 1905).* In this note Claude ascribes tl^ earliest 
suggestion of supplementary rectification by a lit^iid consisting almost entirely of 
nitrogen to his colleagues, Messrs Helbronner and L6vy 

“Je crois int&»ssant d’ajouter qu| la# premiere idle de i’epui semen t des gaz 
, vaporises par leur lavage final Ivec des liqiildes tfes pauvres en oxyg&ne, en we de 
les ramener k Pltat d’azote pur, a 6tl e!prim6e pour la premiere* foil par mes 
collaborateurs, JdM. A. Helbronner et R. L^y.” 
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consists (as in the, earlier Linde Machine) of nearly pure oxygen. 
The condensation of thfe confessed air-caus{s this*o*ygen to be 
evaporated. Part of it streams up the rectifying # col«nfti D, to be 
condensed there in carrying out the work of rectification and conse- 
quently to return to the vessel below. ^ he rest of tlje evaporated 
oxygen, forming the useful product, goes* off by the pipe E at the 
side* In these features the apparatus is substantially the same as 
Linde’s, but there is a difference in the mode of condensation of 
the compre^ed air. Entering aj; A it firsij passes up the central 
group of condenser pipes and the liquid which is formed in thsap 
contains a relatively large proportion of oxygen. This liquid 
drains back into the vessel A, where it collect's, and the gas 
which has survived condensation in these pi^es goes on*through 
B to the outer set of pipes, is*condensed in them, and drains 
into the other collecting* vessel C. It consists almost wholly of 
nitrogen. Then the liquid content* of G are taken to the top of 
the rectifying column, while thos^ of A enter the column lower 
down, at a level L } chosen to correspond with the proportion of 
the oomtituents. The result is to secure practically complete 
rectification, and the second product of the machine — commercially 
pure nitrogen— passes off at the top through the pfpe N ;ind may 
be collected for use if desired. * * 

The actioh in the central pipes of the condenser is tg be inter- 
preted in the light of Baly’s curves. The first portions of tfie air 
to be, condensed trickle down the sid$s of these pipas and are 
“ scrubbed'’ by the air as it ascends*:, that* is to &iy they are 
brought into such intimate contact with the ascending § air that a 
condition of equilibrium between liquid and vapour is at leqst 
closely approximated to. » The conditioq of equilibrium when gases 
of thc*composition of air are being condensed requires # rts we have 
seen that about 48 per cent, of the liquid sfiould cqngist of oxygen 1 . 
Accordingly the liquid whictfc collects *in the vessel A is of this 
degree of richness, or near it. And by making, the condenser pipes 
long enough it is clear that little or no oxygen will 'be loft to pass 
oi^a through B into the other#pipes. It is trUb of course that in 
the upper.parts of the.cefttral pipes tlfe liquid thtfb is forme4 con- 
sists largely of nitrogen, but as this trickles down the pipe in 

• * ; * • 

1 That proportion, as ha9 been poiutid ou^in speaking of Baly’s ourve^, relates 

to experiments made at atmospheric pressure. At the higher pressure under which 

condensation takes place in Claude’s apparatus it may not be exactly the same. 

1 * 
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whiph it has been condensed there is a give aqd take between it 
and the ascending gas, precisely analogous to that which occurs in 
a rectifyirijj Column, and when the liquid reaches the bottom it has 
been so much enriched in oxygec as to be nearly or completely in 
equilibrium with the gaseous air, and therefore contains .about 
48 per cent. 

When thef 48 per oent. liquid from A is discharged into the 
rectifying column at L and begins to evaporate it produces an 
atmosphere which ha§ the con\position of air (21 # per cent, of 
9 »ygen). Hence the par^ of the column which extends above thjs 
point has for its function to reduce the f percentage of oxygen in 
the ascending gas from 21 per cent, to nil, and this f is done in the 
'second fctagc of rectification, by means of the liquid from C which 
consists almost wholly of nitrogen. 


Review of stages in the Invention. 

To review briefly the chief stages in the invention, as a 
commercial process fqr liquefying air and thereby separating its 
constituents, we have first the invention by Siemens of the 
counter-current inarch anger as a means of reachirig an extreme 
degree of co'id by accumulating the effects of a step-down in 
temperature, which in his case was produced by allowing the air, 
previously compressed, to expand’ doing external work. But 
'neither fye nor Solvay, who took up the same* method later, 
succeeded in reaching a temperature low enough to liquefy air, 
being prevented by the practical difficulties of lubricating the 
expansion cylinder and of keeping the working substance from 
taking up heat either gerierated by friction or conducted in from 
outside the system, r 

Next came Linde*6 : fundamental invention of 1895, in which 
the step-down in temperature was achieved without external 
work/ by taking advantage of the Joule-T-homson effect of ex- 
pansion through a throttle-valve. Combining this step-down with 
the counter-current interchanger, Linde was successful in lique- 
fying air on a ■ commercial v scale and then obtaining, by partial 
evaporation, a mixture rich in oxygen (in either a liquid or 
* gaseous state) which was put *to ^various practical uses. The 
result; however, still fell a long way short of yielding commercially 
pure oxygen, and for that reason »had a very limited application. 
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Seven years later, in 1902, cdme Linde’s brilliant iurther* in- 
vention of the rectifying prcyess. By "this* for the^ firet # time, 
oxygen in a state of practical purity was obtained €ofhmeiyiaJJy‘ 
from air by a mechanical process at a cost whicL compared 
favourably with that of the chemical process formerly in use. 
The separation of the constituents of air was not, however 
compete, the other product being nitrogen with ’which about 
7 per cent, of oxygen was still mixed. 

Early in the following year this was followed by the invention 
of supplementary rectification by means of a liquid rich in nitrogen 
— an idea which seems to have occurred independently to several 
inventors (Lefry and Helbronner, Claude, Linde). It enabled 
complete separation of the constituents to be? achieved, yielding 
as, a commercial product practically pure nitrogen as well as 
practically pure oxj’gen. j 

Finally, an apparatus which allowed this supplementary reotifi- . 
cation and complete separation to be carried out with’ great* 
simplicity and effectiveness was devised by Claude, the distinctive 
featurq ir\ it being the fractional condensation of the compressed* 
air. Using a condenser divided into two parts with coffdenser 
tubes so arranged as to “scrub ’’’the liquid that* is ffrst forjned, by 
making it drain back in contact with the gas which 5s proceeding 
to be condensed, Claude collects the liquid in two portions, one of 
which contains some 48 per 'cent, of oxygen and the other is 
almost wholly Tree from oxygen. By using the two Squids in ♦ 
succession he makes the process of rectification complete. 

Commercial Uses of the Products. 

. It is # unnecessary to refer in detail tq*the numerous commercial 
uses of oxygen for medical purposes, for tile “ lime ” light and 
generally for stimulating combustion in Metallurgical and other 
processes. With hydrogen, with coal gas^andjno^e recently" with 
acetylene, it is employed to furnish a blow-pipe flajne'of very high* 
temperature which finds many engineering applications in welding, 
patching and so forth. The maximun> temperature in tffye oxy- 
acetylene fihme is estimated to be about 3500° C. A fine jet of 
oxygen serves *as a means of putting iron by extremely localised 
fusion when a temperature sufpciently*high to start tfye action has 
been reached at the place where ^cutting is begun. , A blow-pipe 
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flarnra, employing any combustible gas such as acetylene or coal-gas, 
is use<J in Jhe first linst&nce to heat the ‘metal to redness at the 
pl$ce t whefe € lt is, to be cut, and then the cutting process is carried 
out by means of a jet of oxygen alone, the metal itself forming 
the combustible. 

An interesting application ok the liquid rich in oxygen which 
Linde obtain e*d in 1896 by the partial evaporation of liquefied 
air was made by that inventor, in using it mixed with carbon 
or other combustible flatter to t furnish an explosive. To make 
the explosive Linde popred the liquid containing say 50 p£r 
cent, of oxygen on fragments of wood charcoal two to four 
cubic millimetres in size. These were kept ftfom scattering 
under the ebullitioh of the liquid by mixing them into a sort of 
sponge with one-third of thorr weight of cotton wool. T]ie 
mixture had to be exploded in a few* minutes at most, other- 
wise its power disappeared through evaporation of the liquid. In 
more recent experiments conducted in the cutting of the Simplon 
tunnel this explosive was nutde up into 3 cm. cartridges : it con- 
sisted of one $art carbon and one part petroleum and took up 
about 'eight parts of liquid oxygen. Such an explosive has the 
merit of cheapness when it can be made in large quantities and 
usfcd close to the place of manufacture, but the drawback that it 
must be < used so soon after mixing is probably tbo‘ chief reason 
why it has not found any extended employment. 

A use which promises, to be important has been found for 
the nitrogen obtained by h-cctification from liquefied air — namely 
in the manufacture of calcium cyanamide to serve as an artificial 
nitrogenous maflure, by ihe process of Messrs Frank and Caro. 
In that' ? process the cyqnamidc is formed by passing gaseous 
nitrogen' through retorts containing calcium carbide heated to 
about 800° C r ,when the nitrogen is absorbed. 

In places where abundance of \jater power enables the carbide 
to be cheaply obtained* it appears that this nitrogenous manure 
can be manufactured at a profitable rate, and during the past 
three years plants for carrying out the process on a fairly large 
scale have beeft erected at'-Piano d’ OrtfA in Central Italy, at Odde 
in Norway, at Martigny in Switzerland, at Briancon in Savov. and 
in several other places. 
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Liquefaction of Air by means of expansion doixfg work. 

It remains only to notice a further invention by Claude which * 
accomplishes the result aimed at ’unsuccessfully by Siemens and 
by Solvay. Claude found that the , difficulties .attendant on 
expansion in a working cylinder down to a temperature beloflr the 
critical point of air could be overcome by using certain hydrocarbons , 
as lubricants! A hydrocarbon siich as petfoleum ether does npt 
solidify but remains viscous at temperatures of —140° or even 
— 1G0°C. Accordingly it serves as an effective lubricant when its 
temperature has become reduced to these low Weis, and it 'lan also 
be made to serve in the earlier stages of the operation, when the 
cylinder is less cold, by mixing it with a greater or less quantity of 
some more congealable substance such as vaseline. , 

Using a lubricant of this kind Claude has succeeded, as a toiir 
de force of experiment, in liquefying air by direct expansion in a 
working cylinder. When the liquid begins to form.it serves itself, 
as a lubridant and the process may then be continued without intro- 
ducing any special lubricating material. The efficiency, however, is 
too low to make this direct liquefaction by expansion commercially 
useful : the proportion of the quantity of air liquefied to the power 
expended compares unfavourably with the proportion in LirJde’s 
process, where the air does no external work in its expansion. . 
There is in fact very little to be gained b^ making the gas do work 
when its condition approximates closely to that oT a bquiu * 

But a much more economical result has be?n achieved by 
Claude in another way. He makes part of the completed air 
expand in a working Cylinder to a tempelatur^ which may be just 
below thfe critical temperature of air, and he employs the air cooled 
(but not liquefied) in this way to act as a cooling' ffgcnfc on the 
remainder of the air, with thefesult that it is liquefied under the 
pressure at whidh it is supplied to the apparatus. 

The arrangement in its simplest form is ^shown diagram- 
matfciily in Fig. G4. Air is spppKed at a pressure of 40 atmospheres 
or so through the central pipe of the counter-current interchanger 
M. Part of it passes into the expansion cylinder D, where it 
# expands doihg worl$ and ife then discharged through the condensing 
vessel L where it serves as the, cooling* agent to, maintain a 

12 


E. R. 



178 


APPLICATIONS OF EXTREME COLD 

temperature somewhat lower th&n — 140° C., the critical tempera- 
ture of air.* The remainder of the compressed air enters the tubes 
of. Z # and fs condensed there, under pressure, dropping as a liquid 



into the chamber below from which it can be withdrawn. The 
•temperature in D is qot allowed at any time to go below the limit 
at which lubrication can be carried on effectively by using a 
suitably hydrocarbon. v ' 

r- In a further develop'mcnt of this invention Claude makes the 
expansiop compound and allows the expanded ga^.to serve as a 
cooling agent after each stage, becoming itself warmed up in the 
• process fpid thereby prepared to suffer further expansion without 
such an excessive fall of temperature as will endanger lubrication, 
or brings thc^ gas’ in the cylinder so near to the liquid state as to 
rpake expansion of little 

The? hrrangemeht with compound expansion is illustrated in 
the diagram (Fig. ©65). * t Air under pressure ..enters as before, 
through the centraf pipe of M. Part of it goes to the first 
expansion cylinder A', dses work there and passes at reduced 
pressure and al^a temperature below the critical point through the 
'outer vesselof fa the condenser L l} in the inner tube of which some 
of the compressed air is being condensed. This warms up the 
expanded air to some extort, and it th«n passes on to complete its 
expansion in B } which again brings 'its temperature down suf- 
* ficiently to allow it to act as condensing agent ior. the remaining 
portibn of the air under pressure^ ip the second condenser L 2 . This* 
division of the expansion into ^wo (or it may be more than two) 
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stages is equivalent to making nuc ^ji ui/uoo cvn f w uuuic ^uujp 6 nearly 
isothermal, so that it need nof at any stage deviate v^ry widely 
from a temperature just sufficiently below the critical ^)oint 
to allow liquefaction to go on utder the pressure at which the 
air is •supplied. • 



Fig. f|5.* 


In Linde’s method of liquefying air without causing it to 
do - any external work the o.utput of liquid air generally rayges 
from 0*3 to 0*5 litre per fiorse-power hour. With Claude’s , 
device, using a single expansion cylinder, it may be as* high as ' 
0'66 'and with ^compound expansion tfiis figflrp may be raided 
to 0*85 \ Treating oxygen as the working substance the out- 
put is somewhat greater, and the highej critical fjoint of oxygen 
(-118°C.) allows expansion to be canjed out # under soyiewhat 
more favourable conditions, by making it unnecessary tq Continue 
expansion to so low a temperature as is required «iy the case of 
air 8 . # 

So far as concerns the commercial efficiency processes for the # 
separation of oxygen from nitrogen in air it may* be questioned 
whe^r there is any very material gain in substituting expansion 
in a working cylinder for d&pansion though a throttle-valve. . In 


1 Claude, Compies Iiendus , 11 June^90$. 

> 8 Claude, Comptes J^endus, ?2 Oct. 19001 See also an article by Professor E. 

Mathias in Revue g€n€ralc des Sciences * ISPSept. 1907,^vhich contains anintercsting 
account of thejsvbole subject of the industritl liquefaction of air. * 

- t • 
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the'initial stages of the operation, while the plant is oeu.g cooled 
down, thereTrnay be in economy in its use, tut under the conditions 
of.sfady owlpufe in apparatus of. the type represented in Fig. 59 
or Fig 63 it does not appear Vkely that the advantage to be 
looked for in' the use o* expansion with external work con be 
sufficient to compensate for the added complication in the process. 



APPENDIX A. 

• • • 

Entropy and the Entropy-temperature Diagram. 

Let &<j) represent Jbhe small change in entropy which’a substance 
undergoes in taking in a small quantity of heat 8Q at the absolute* 
temperature T. Then by the definition of entropy given in the 
text, for any reversible change of state, 



* Hence ' T8<j)±$Q, 

and ^ # JTdf^JdQ, t 

the integration being performed between any assigned limits. 



presents a change S<f> occurring at temperature T. Its area is # 
Th$ and is accordingly equaf to # 8Q, the heat taken in whjle the 
substance undergoes this chsftige. Summing up the areas of all 
such successive strips we see that the whole area udder tl^e curve 
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or rmbn .represents the whole heat taken in while the substance 
change^ frofc *a to 6«throhgh the states wtiich the curve ab repre- 
sents.* Similarly, if the substance passes from state b to state a 
by a process represented by the fine ba , it rejects heat equal to the 
area nbam. if he base lin»3 in tfye diagram, OmnX, corresponds to 
the absolute zero of temperature? 

Wjien an entropy-ttmjperature diagram is drawn for a com- 
plete cycle of changes it forms a closed figure, since the substance 
'returns to its original. state. T q find the. area of the figure we 
hffTe to integrate throughout the complete cycle, obtaining, in 
any reversible cycle, 

/ Td<f> = Qj- Q 2 , 

where is the heat taken in and Qa the heat rejected. The 
difference between these is the heat equivalent to the work spent 
on 'the substance, if Qa is greater than or converted into work 
if Q x is greater than Q. it since ‘in a complete cycle the equation 
applies 

«• 

Heat taken in = heat given oqt -f work done by the substance. 

Thus the entropy-temperature diagram has the important property 
in common with the pressure-volume diagram, that the area of 
,the completely enclosed figure is a measure of work. But this is 
'true only' when there is .no irreversible step such as expansion 
through a throttle- valve. In the entropy diagram the work so 
measured is, of course, expressed in thermal units. 

* When t the substance expands in an irreversible manner, as by 
passing .through q, throttly-valve from a 'region of high pressure to 
a region of lower pressure, it gains entropy. Work is then done 
by the substance on itself, namely in giving energy of motion to 
es.ch particle as it passes' through* the valve, and this energy of 
^notion is frijiteied.'dowii into heat as the motion* subsides. W T e 
may regard expansion through a throttle- valve as equivalent to 
two stages, namely (1) expansion doing work, and (2) the com- 
munication to the substaSce of an amount of heat (jqual to the 
work done in stage (1) which is to be taken as converted into heat 
for the purpose. There is accordingly a < gain of entropy, though 
in the result no work is done outcide the substance and no heat is 
rejected or taken in from outside. 
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Theoretical ’Performance i A the &ell- Coleman Cycle. 


I’he substance takes in heat in becoming warmed from the 
temperature T 4 (at which it is discharged into the cold chamber 4 
after expansion) to thfc temperature T x at* which the chamberjs 
Thaintained. It rejects heat, to the circifinting water of the cooler, 
in passing fregn the temperature r l\, which it reaches at the end 
of compression, to T 3 . Treating these transfers of heal* as, ap- 
proximately, occurring at constant pressure, and using K p to 
denote the specific heat of air at constant ^pressure, we have 
Heat taken in, Q 2 = K P {T X - r l\), 

Heat rejected, = K v ( T 2 - T s ). 

Further, since the range of adiabatic expansion is the same as 
that «f adiabatic compression, 


r l\ _«T 2 
T ~ T' 

T a - T,y,-T t 

T, T t T, ~ T t ■ 

Q*_T t _T t 

rm; 

The theoretical co-efficient of performance intlfis^yclt, which is 

Q* 


Hence * , 
From w r hich 


■_ or 9 ?- .. 

if 


• may accordingly tie written 


T t _ • r, 

m rn Or w, a r . f . 

1 :■ “ 1 4 # * a - i 

A “perfect” machine, working to transfer *he$t from the 
chamber at T x to the cooling watej; at r l\ } would have fojits co- 
efhfy&nt of performance the vajuc 


T x 


...■ . » , 

which is higher than t\& theoretical performance in the foregoing 

cycle, since T,-^ is greater than T, -» T v The ’difference in 
efficiency 'arises from the fact that in the Bell-Coleoian cycle 
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the air chilled to a li^nit considerably JoweF than that of the 
cold chambfe^, and further there is an irreversible flow of heat 
when* the aif, aftbr being heated^by compression, is brought into 
f contact with the circulating water in the cooler, the effect being 
to reduce its* temperature from to T 9 . This last sou fee of loss 
may be to some extent ^removed by cooling the air during 
compression. 

The theoretical ratio of volumes between the compression and 
expansion cylinders itf the Beh-Colemari cycle (assuming the 

« **'•' * y « 

compression^ and expansion to be adiabatic) is «, which is equal 

'' ' 4 • 

T T 

‘to or r * In practice the ratio of volumes is generally about 
1*8 to 1, but may be -as low as f*5 to I. 


APPENDIX C. 

- Actual Performanpe , in Air Mach* uvo. 

# / 

'In an early example described by Lightfoot (Min. Proc. Inst. 
C. E. 1881) the following data are .stated. The Cylinders were 
,27 and 24 inches in diameter, with a stroke of 18 inches, working 
at G2 revolutions per minute.* The ratio of volumes was accordingly 
1-5 ;to 1^ *The air was compressed to G5 lbs. absolute. The 
temperatures 'were : 

On entering compression cylinder 52° Fahr. 

On leaving compression cylinder 267° Fahr. 

'On entering expansion cylinder 70^ Fahr. 

Onr leaving expansion cylinder — 82° Fahr. 

The indicated h.p. in the compression cylinder was 43*1, in the 
expansion cylinder ’28 0. The difference or net i.H.p. expended 
was accordingly 151, and t<5 provide this (as well as the work 
spent on friction) the st^am cylinder, did work at the rate of 
24 * 6 ' i.h'.p. The volume of cold air passed through the machine 
. was 15,000 cubic feet per hour, , and its weight was, 1620 lbs. It 
was lowered in temperature from *5 2° to — 82°, or 1 34° FaHr. Taking 
the specific heat K p as 0-2375 tlpk represents a refrigerating effect 
of 31*85 x 1620 or 50,800 thermal units per hour, which is the heat 
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equivalent of 20 horse-gower. If these data $re correct it appears 

* * • ^5 

that the practical co-efficient of performance was or nearly 

0*8. In a later pkper Mr Lighftoot 1 gives data which bring out 
a co-fifficient of 0*7 in the best instances. 

In Professor Schroter s trials of a Bcll-Coleman machine the 
restflts were less favourable. The refrigerating effect in. these 
trials was 0*58, 0*57 and 0*56. The figures in trials by various 
observers a?e not very accordant, but it appears that under usual 
Conditions the co-efficient of performance in machines of this ftaSs 
ranges from p*5 to 0*7, a number which falls very much short of 
the theoretical figure calculated in the lryanner desoriVipd in 
Appendix B. 


APPENDIX D. 

t 

Tables of Properties of Ammonia, Sulphurous Acid, . 
Carbonic Acid, and Water Vapour. 

In the following tables the figures giten by Mollier are followed 
for the most part 3 . Metric units are employed throughout. They 
are much the most convenient units to use, especially in calcula- 
tions regarding theoretical performance. It may \>c useful to giv$ 
hers nuipber of constants for convel’s/on to JBritish units. 

1 degree O. = 1*8 degrees Fahr. 

1 kilogramme = 2*2047 lbs. » 

1 kg. per sq. cm. = 14*22 lbs. per sc[. inc! 

1 cubic metrp = 61,0^2 cubic inches? = 3£fc316 cubic £eet. 

1 cubic metre per kilogramme = 2?,67£4eubie inched per lb. 

1 calorie = 3*9685 British thermal jmits. * • 

1 calorie per kilogramme *1*8 British thermal units pes lb 
1 kilogrammetre = 7*2331 foot-pounds. *' * •• 

1 1 metric horse-power = 4500 kilogrammetrgs *per rainuAe 
: f = 32,^549 foot-pounds per, minute 

* * 0*9863 British horse-power. * * 

1 Proc. Inst.'Mec. Eng. 1^86. 

2 Untersuchungeimn KHltemaschyien vcrscHledener Systeme , i. JL887, p. TL66. 

3 “ Ueber die kalorisohen EigenschqJ^n der Kohlensaiire und anderer teohnisoh 
wichttger Dfimpfe.” [Zeitschrift fUr die geeammte Kiilte-IndmtAe , 1895J 
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Entropy^ which . has ^the dimensions pf heat per unit mass 
divided by f temperature, is expressed by the same number in both 
systems of units.* , * 

* The heat and entropy of the liquid are reckoned as zero at 
0° C. ; consequently for lftwer temperatures the*se quantities are 
negative in the tables. To find 'the absolute temperature T add 
273 to the temperature on the centigrade scale. f 

The values of the entropy of vapour (<j>) and liquid (</>') are 
connected by the equation 1 

where r is the latent heat. 


Properties of Ammonia, \ (Nll 3 ). 


Temp, 
r °C. 

Pressure 
in kg. < 
per sq. cm. 

« 

I 

Volume of 
saturated 
vapour in 
cubic irtjtres 
per kg. 

Ifpat' of 
liquid in 
calorics 
per kg. 

' i 

Latent heat 
of saturated 
vapour in 
calories 
per kg. 

Entropy 

Liquid 

Vapour 

. 

P 

1 

V 

<1 

r 

</>' 

0 

-40 . 

,072 

1-602' 

-33-36 

332-7 

- 0‘c! 32 

1-296 

- 35 

04)3 

1-257 

-29-48 , 

" 331-8 

-0-J16 

1-278 

- 30 

1 *10 

0-998 

- 25-51 

330*6 

-0099 

1-262 

- 25 

J/51 

0-800 

-21-47 

329-1 

-0-083 

1-244 

-20 

14V) 

0-646 

l - 1734 

327 2 

- 0 066 

1 p 227 

- Tfi 

2-37 

,0-525 - 

-1313 

3244) 

- Q-050' 

1-209 

- 10 

2*92 * 

0-432 

- 813 

322-3 

- 0-033 

1-193 

- 5 

3-5K 

# 0-358 

- 4-47 

319-4 

-0-017 

1-175 

« 0 

4*35 

0$98 ^ 

. o 

3161 

0 

1-158 

5 

* 6-24 

0-250 1 

4-54 

3? 2-5 

0017 

1 *141 

10 

• 0*27 

* 0*^11 *\ 

917 

308-6 

, 0-033 

1-123 

15 

7*45 

o-i gp 1 

<• 13-87 

304-4 1 

0-050 

V107 

20 

8*79 , 

0154 

18-60 

299-9 

0066 

1-089 

25 

JO-31 fl 

0132“ 

i 23-53 

295-0 

0 083 

1-072 

* 30 

1201 

0-114 

28-49 

289*7 

0099 

1-055 

35 ' 

13-91 

$.099 ■ 

33-52 

284-0 ( 

* 0,116 

1-038 

•* 40 

16-0t* 

0-087 

38-64 

278-0 

0132 

1-020 


L 


' (' < 

The Volume of the liquid ( v ') may be- taken as nearly constant 
pnd equal to 0*0016 in cubic metres per kilogramme throughout 
the range over which the table extends. 

In superheating at constant pleasure, the specific heat of the 
gas may. bp jbaken as 0*508. 
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Properties of Sulphurous Jfcid £S0 D ). 


■ Temp* 
°C. 

• 

Pressure 
In kg. 
per sq.cm. 

Vt>lume of 
saturated 
’vapour in 
cubic metres 
per kg. 

, 

> 

Heat of 
liquid in 
calorics 
per kg. 

Latent heat 
of saturated 
vajour in 
calories 
per kg. 

• 9 1 

Entropy 

* 

Liquid 

Vapour 

* 


■p. 

V 


r 


<t> 

-40 

0*222 

1*305 

-11*94 

96*10 

-0*0472 

0-36/tt 

•-35 

0*297 

1*012 

- 10*55 

1/6*08 

-0*0413 

0*3624 

-30 

0*391 

0*794 , 

- 9*31 

95*89 

-0*035,4* 

0*3592 

-25 

0*508 * 

0;629 

- 7*68 

95*59 

- 0*0295 

0*3557 

-20 

0*652 

0*503 

- 6*20 

95*00 , 

-0*0236 

> 0*3519 

! -15 

0*826 

0*405 

- 4*70 

94*30 

-0*0177 

0*3478 

! -io 

1*037 

0*329 

- 3*1 q 

93*44 

- 0*0118 

0*3435 

: - r> 

1*287 

0*269 

- 1*60 

92*40 • 

-0*0059 

0*3389 

! 0 

1*584 

0*221 J 

0 

91*20 

0 

0*3341 

1 5 

•1*082 

0*183 

1-62 „ 

89*83 

0*0059 

0*.?j>90 

1 io 

2*338 

0*152 

3*28 

88*29 

0*0118 

D 3238 • 

1 15 

2*807 

0*127 • 

4*9/ 

86*58 

00177 

'0*3183 

20 

3*347 

0*107 

6*68 • 

84*70 

0*0236 

0*3127 

25 

3*964 

0*090 

8*42 

82*65 

(4*0295 * 

0*3068 , 

30 • 

•4*666 

0*076 

10*19 

80*44 

0*0354 

0*3009 

35 

5*458 

0*065 

11*99 

78*05 

0*0413 « 

" 0*2947* 

l 40 

6*349* 

0*055 ' 

IG-hB’ 

75*50 

• 

1 0*0472* 

i 

0*2884 ■ 

» 

— * 


The volume of the liquit} (V) may be taken as nearly constant 
and equal to 0*0007 cubic metres per kilogramme, throughout the, 
range .over which, the table extends. , g • • 

• . * t * * 

. * 


Moisture' contained in Saturated Air. 

* * 


Temp. °C. 

* 

* 

Moisture in 
grammes 
per cubic metrf 

• • 

* — 

! 

Temp. °C* 

• 

# • 

Moietpro in 
grammes 
per cubic metre 

•• *• i 

-20 

1*10 

•20 

, h*i8 * 

- 15 

1*62 • 

25 

22*87 

1 -10 

2*35 

3GP 

30*16 * # 

I - *5 

*3*4? 

35 

39*46 

0 

4*88 

40 

50*96 

5 * 

6*81 * 

45 

65*19 

*10 

.. 9*37 

* 50 

82*68 ' 1 

15 

12*78 • • 

• 

• • 

• 



• 


• • • 
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Properties of Carbonic Acid (CO a )* 
' _ * r 


• 

Temp. 

°C. 

f—j. 

Pressure 
in kg. 

per , ‘ 
sq. cm. 

Vdiujne of 
liquid in 
cubic 
metres 
per kg. 



Volume of . 
saturated , 
vapour in 

— i — 

Heat of 
liquid in 
calories 
per kg. 

Latent 
heat of 
saturated 

Entropy 

t cubic 
rietres 
per kg. • 

t ' 

vapoqr in 
calories 
per kg. 

Liquid 

Vapour 

• . 

r 

V 

v' 

V 

'/ - 

r 

V 

* 

-30 

15*0 

0-00007 

0*0270 < 

-13*78 ♦ 

70*40 

-i 0-053 

0*236 


17*5 

0-00098 

,00229 

-11*70 

68*47 

-0*045 

0*231 

-20 

203 

o-ooioo 

0-0195 

- 9*55 

66*35 

-0*036 

0*226 

-15 

23fi 

0*00102 

0*0107 

- 7’3£ 

64*03 , 

-0028 

0*221 

-10 

27*1 

0*00104 

0*0143 

- 5*00 

‘61*47 

-0*019 

0*215 

- 5 

# 31-0 

0*00107 

00122 

- 2*57 

58*63 

-0*010 

0*209 

0 

35-4 

o-ooiio 

0*0104 

0 

55*45 

0 

0*203 

5 

403 

0-001 \3 

0*0089 * 

2*74 

51-86 

0*010 

0*197 

10 

45-7 

0-00117 

0-0075 

571 

47*74 

0021 

0*189 ; 

15 

51 -0 

000123 

0-0063 

9*01 

42*89 

0032 

0*181 

r 20 

58*1 

0*00131 

0*00.1-2 

12-82 

36*93 

rV)*045 

0*171 

25 

' 65*4 

000142 

0*0042 

0*0030 

17-57 

28*98 

0-061 

0*159 

30 

731 

0-00107 

25*^5 

1500 

0*087 

0*136 

31 

74*7 

0-00180 

0-002G 

28*67 

8-40 

0-098 

0*126 

31-35 

„ 75*3 

0 

0^)022 

32*91 

0 

'0*112 


The* last Ij ne i/i the table gives the properties of the substance 


at* the critical point. 


Properties of We ter Vapour. 


Temp. 
°C. i 

Pressure hi- kg. 
per sq.' cm. 

r Volume of 
saturated vapour 
in cubic metres 
per kg. 

Heat of liquid 
in calories t 
per kg. 

Latent heat of 
saturated Vapour 
in calories 
per kg. 


0*00126 

« 

t 994*8 

' -20*00 

620-4 

-15 * 

. 0*00190* 

, COO *6 

-15*00' 

61,6*9 

-10 

' 0*00285 

451*4 

-10*00 

613*4 

- 5 

.0*00423 , 

307*3 

- 5-00 

610*0 

, o 

0*00625 

' 2l0 ’ 7 t, ' 

0 

606*5 

<$ 

0*(X>888 

150*2 

, 5*00 

603*0 

10 

s 0*M245 

108*5 

io-Oo ** 

599*5 

‘ 15 

0*01727 

79*4 

15*00 

596*1 

20* 

0*02364 

’ 58*7 

20*01 

592*6 

25 , 

0*03202 

44*0 1 

25-02 

689*1 

30 s 

0 i 04289 

1 33*3 

1 30-03 

585*6 

35 

0*05687 

25*4 

’ 35-04 

582*1 * 

40 

i 7 

0*07470 

19*f) 

S 

P r> 

40-05 

1. 1 

678*6 

1 


The volume of the liquid (V^Mnay be taken as nearly constant 
and equal to 0*001 cubic metres per kilogramme. 
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APPENDIX E. 

• * 

Caleulajtion of, Theoretical Co- efficient of Performance in • 
Ammonia Cycle, using Adiab&tic Compression. 

* * » 

As an example of the calculations, the results of which are 
stated in th§ text, tak^ a case wjiere the upper limit is 20° C, and ' 
tjm lower limit — 10° C. The corresponding absolute tempy'ja,- 
tures are 293° and 263°. We shall use metric units (kilogrammes 
and calories)* in the calculation. Neglecting the small term 
v'(p 1 — p i ), and assuming wet compression, 1 take the 'net re- 
frigerating effect as the area under MB, down to the base line, 
minus the area ADM , which may be treated as a triangle. 



In the liquid, the change of entropy pej* 1° C. is appruAuuatuiy 

0 0033. Hence AM 30 x *0033 = 0*{J99, a^d the are^ ^ * 

a m/ . AM x MD 0 099 x 30 c # . . 

, ADM =t ^ = — j — = 15 calories.- 

* 1 . L + + * 


The change of entropy in passing fitom liquid to vapour at 
20° C., or DC, isjihtf latent eat divided by %93 or = 1*023.* 
Hence Mb = \' 023 and area under ilfl? = 1*028 x 263 = 260 


[ICO. | 

ket refrigerating effqpt =*269 - l'J = 267*5. , 

Work* expen (led = area A BCD = AMD + MB CD 

^ 1*5 + 1*023 X 30 = 32*2- calories. 

* 

Co-efficient of Performance =*8*3. 

• , • 40 oL' 2i 
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The quantity P 2 ) which is neglectea m tms calculation 

of refrigerating effect maty be fo unci thus : r 
Vgl. of € I**kilo, of liquid = 0*001|6 cubic metres. 
p x = 8*8 kilo, per sq. cm. = 88,000 kilo, per sq. metre. 
p% = 2*9 .* „ , =*29,000 

v'(pi - p 2 ) = 0*0016 x 59,000 =£4 kilogramme tres = 0*22 calories, 
a quantity which is practically negligible in comparison with* the 
other quantities involved in the calculation. To take account 
'of it would have the effect of reducing the above cp-efficient to 
alftTftt 8*25. « r 

If an expansion cylinder were used, so, that the cycle might be 
completed as in the ideal Carnot process, we fffiould have 
Refrigerating effect = area under MB = 269*1 calories. 

Net work expended = area MBCD = 30*7 calories. 

269 

t « Co-efficient of performance = = 8*8. 

Or, more shortly, the co-efficients in that case 


T, _ 263 
r Tj-T % 30 


8 * 8 . 


Take next«a ca^e where the Compression is completely of the 

“ dry ” type, the ammonia' being allowed to evaporate completely 

before compression begins. In that .case compression, starts from 

H (Pig. 67), and the cycle followed io 'HKCDA. The area of that 

'.figure is the w,ork expended, and the net refrigerating effect is 

the f area under AH t less area under AD, measuripg in' 1 both 

casefc dowki to the*' zero line of temperature. 

DC = 1*023, AF= 1*226, t and AM = 0*099. Hence £#=0104. 

During & process o{ superheating at constant pressure, that is 

between* £ and J\, the specific heat of the gas is- about 0*5Q8 and 

the change of eqtropy*is approximately *0017 per degree. Hence 

( in f changing its entropy 'by 0*104 along the line CK the gas would 

" . , 0*104 # 

bo superheats! by about ^ or G0°. The temperature at K is 

therefore about 801*C. as stated in the text. 

To calculate the work i-xpendei we* have to sum up the areas 

AMD + BCBM+HKCB, 

or 1-5 rf 30tf + S 6*2, 

the last item being take!! as the pjoduct of the base 0104 by the 



APPENDIX 


191 
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mean height, which is 60°. The? total is 3§-4. The refrigerating 
effect is the area under *BF rniyus A M D,&r * J * 


(1*023 + 0-104) J63 - 1-5 = 294-9. 

The co-efficient* of performance for completely dry compression 
is accordingly * , 

294r9 j l „ 

. m or 7-7 “Tty 


which is not very widely different from the co-efficient 8-3 calcu- 
lated as afco’je for the “ W’et ” process, notwithstanding the higher 
temperature reached in compression. The main part of the iftTat 
is still rejected at 20°. A similar calculation for a cycle in which 
the wetness is such’ that superheating takes place by just half 
this amount, or by 30° (up to 50° C.) gives a co-efficient of 8*14; 
and another in which the superheat is only 10° gives a co-efficient 
of 8'28. These results shbw how little the co-efficient is affect^, J 
in theory at? Jeast, by a moderate amount of superheating difrjng* 
compression. j 

In modern practice the tendency is to use dry compression. 
As th«se» calculations show, the loss resulting from the substitu- 
tion of wet-for dry compression is ^rnall, and there is coifeiderabfe 
practical simplification in making the compressor 'draw* in dry 
vapour instead of a carefully regulated mixture of vapour and 
liriuid. J » 


APPENDIX F. 

'i 

Mpllier’s <f>\ diagram, j 

• j 

A diagram of great interest whuh is of special , utility in 
dealing with refrigerating maohines employing carbonic acid has 
been introduced by Dr R. Mollier ] . The coordinates are the 
entropy and a ^quantity to which Willard Gibbs Jga^je the name; 
of “ Thermodynamic Potential.” We* shall represent this quantity 
by fef symbol 7, and call it th$ “Total Heat.” ^It may be defined 
by means o£ the equation \ 3 

/ = A + Apv, 

L “ Neue Diagrampje zur fifcchnisc&en Warm^lehre,” B. Mollier, ZeiUchrift des 
Vereim deutscher Ingenieure , 1904. * 
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whepe j£ # is f ihe internal energy <?f the substance, 

' p isjfche pressure, % 

v ifr the volume, 

• • * ' w 

A is the co-efficient required to convert t .units of work into 
units of heat, ip oth^r words i. When metric* units 

arc tfsed A i^ # 

Apply this to the case of a saturated vapour formed under 
'constant pressure p, and take the zero ^ state, for ( purposes of 
reckoning, as that of the liquid at 0° C., under the san^e 
pressure p* v 

Then E is the total heat taken in, minus work done in the 
expansion of the liquid and the formation of the vapour, or 
E = q tt Ap (if - 1 0 ') 4* r - Ap (v - if), 
r where q = heat taken in during the heating of the liquid, 
r = latent heat, 

i\ — volume of liquid kt 0° C. and pressure p, 
v' = Volume f of liquid at temperature of vaporizatiqn and 
pressure p, 

v « voluble of vapour. 

^Hence E = q + Apv + r - Apv, 

and since I = E + Apv, , • 

4 f , / = q + Apv o' + r. 

Hence E in a vapour Vis’ nearly the same thing as the /heat 
of formatftm {q + r). It differs from that only by the addition 
of the small term Ap%'. , 

To realise the physical meaning oi f I, imagine that the con- 
version of the substance fyom liquid at 0° to vapour goes on in a 
cylinder under a pistdif loaded to ‘produce the constant pressure p. 

, TJien to get ihe liquid into the cylinder in the first place we 
should have to , spend upon it an amount of work equal to this 
pressure into the original volume v 0 \ The thermal equivalent 
of this"' work is Apv Q \ Hence I measures the total energy ex- 
pended jft getting the substance into the vessel, and in heating it 
there until its conversion into vapour is completed. 

1 It*js assumed here, for the . sake., of ‘Amplification, that any change of I 
which the liquid at 0° C. undergoes when ^he pressure is changed from a standard 
pressure p 0 to the, pressure p is so small to be negligible. 
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If the conversion into vapour'is incomplete, the onlyjjiffefence 
is that in the process of evaporation the heat fallen in is ter 
instead of r, x being the dryness. Thus for^wet vapour* 

9 I = q + Apt'o + xt. 

Tfie v&lue of / for the liquid^ at th$ temperature of vaporiza- 
tion, is q + Apv 0 ', and during evaporation the value changes in 
proportion to the amount evaporated. * 

Using the data for carbonic acid already given in Appendix D, , 
the values df I arc a3 follows, Tor the two states of liquid^apd 
saturated vapour, the difference between’ the two being equal to r. 


■* 

Values of I for Carbonic AM. 


Temperature °0. 

Liquid 

’Vapour 

i 

J -30 

- 1339 

57-01 

-•20 

- y>‘02 

57-34 

10 

- 4 03 

57-17 

0 

0-92 

56-3> 

10 

0-90 

» 5401 

20 

14-33 

51-26 

» 30 

■ 2H5 

, 4^2 '15 , 

*11 (rntlfil 

.50 temu.) 

34-87 " ' • 


The following are important properties of /, which make it. 
useful, in technical thermodynamics J u ' o ’ 

(1) In anj* process carried out under constant pressure, 'the 
change of I measures the heat taken in o,r given out. To show 
this, take the general equation „ 

Heat taken in * increase of internal energy ^ external ^urk do®e, 

and write BQ to represent a suTall gain ftt’heat., BE the corre- 
sponding gain of internal energy, and Bv the change'of volume. „ 
Then, BQ = BE + ApBv (<1 ■ 

= £ (E +jApv) — AvBp 
t =SI-AvBy. 

Hence, when p is constant during the change, 

=- si 

and l .-/i-Q.-Q,,, 

for any two states. 

,B. R. 
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(€) #\ any adiabatic process the change of I measures the 
work' d/>ne.^r C To show tfris, take the above equation 
SQ= SI 4- .drop. 

In an adiabatic process SQ = 5 . Hence in such a process 
? SI v8p, 

i \±I 1 = A[ Pa vdp. 

•' Pi 

'That is to say, the increase in / is equal f,o the worjt .done upon 
thte^oubstancc in taking jt in at p 1} compressing it from p x to p 0 , 
and discharging it at p 2 . 

(3) When a substance is throttled by stfreamiftg through an 
orifice such as a regulating valve, there is no change in the value 
of I. 
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Fig. 68. 


Imagine tjie substance to be transferred from qne’side to the 
otfyer of the orifice, by piston A coming up to the orifice while 
piston B moves away from it. Call the pressure and volume 
p u V\ before the transfer, and p l% v a after it. before passing 
through the orifice the substance has a stock of internal energy 
which we shall call E u and iH addition there is. work done upon it 
by pistomJ. qqual* to p x v x . 

On the other side it does work against the piston 7i, equal to 
p 2 v 2 . Hfmce E 2i the stook of internal energy which it has after 
the passage, is gmeif by the equation ' * 

- E x 4- Ap x v x - Ap 2 i) 2 
of + Ap 2 v 2 = E x + A p x v x , 

which may be vtittpn * /*=*!,. 

In otl^er words the quantity I remains unchanged. The 
imaginary pistons’ A and B are ( introduced only to make the 
argument clear : the resuft is of general application tq all cases of 
throttling. “ 

Having ‘regard to this resist £ might be described as that 
quantity «whfch does npt change ^when a substance expands with- 
out doipg wol'k and without taking in or giving out heat. 
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In Dr Mollier’s- diagram the quantity | is plotted in *»latiSn to 
the entropy $, as the substafice changes, (fhder eattji assigned 
pressure, from the state of liquid to that of sa^ufate^ vapoar and 
then through varidhs stages of superheating. 

Tltis $1 diagfam is of great §ervic<^in finding the theoretical 
performance of a refrigerating lfiachine. In adiabatic processes 
the Entropy is constant : hence such processes are represented by 
straight lines parallel to one system of ordinates. The work done m 
in the concession cylinder is directly measured by the change 
of /, that is to say by a length taken albng the adiabatic line re- 
presenting thg compression process. The refrigerating effect is 
directly measured by the change in I which the substance under- 
goes during evaporation, this bein^ a constant-pressure process in 
which, as we have seen above, the increase *in I is equal to .the^ 
heat takqn in. Similarly, the heat rejected to the cooling water 
is directly nteasured by the decrease in / which the substance# 
undergoes after adiabatic compreluop, up to the regulating valve, 
this also being a constant-pressure process. In the passage 
through Ihe regulating valve there is no change in I : thw proems 
is accordingly represented in •thfe* diagram, fyr a .straight line 
parallel to one axis. The process of evaporation is plso repre- 
sented by a straight line,, for it occurs at constant temperature as 
well as constant pressure, anTl* hence the change of I is not *>nly 
equal* to the heat taken in but is also proportional tp the change? 
of fcn^fopy, ^hich'is the heat taken in? divided jpy the temperature. 
In symbols, whfcn p is constant, " “ * 

a/ = aQ 
= Tty 
dl m 

Thus the slope of a constant-pressure line on the <£/ di^grafti * 
is proportional to the absolute temperature and*alihe ^representing 
evaporation is consequently straight, *with a slope* proportional to 
the^^mperature at which jthe ^evaporation takes glace. # Further 
the segments into which this line is divided at any stage, nfleasnred 
from the ends .which irmrk the beginning and end of evaporation, . 
represent the fraction -vfhich Exists a ^ vapour and liquid respec- 
tively, just as in tW entropy- temperature diagram* The whole 
change in I which the line represents is the latent heat.£, and the 
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segment measured train the beginning of the line up to any point 
represents t proportional change "of /, and so measures scr, a 
being* the drynees at ’that point* 

It will be seen that the diagram gives a ready means of de- 
termining all the quantities w^th which we ape concerned in a 
refrigeration cycle. Its special nierit lies in the simple manner in 
•which* it represents nob *only the compressing, condensing* and 
evaporating processes, but also the process of streaming through 
' the regulating valve. * This last feature < gives it an f advantage 
' \Vhfch the entropy-temperature diagram does not possess. ® 


In drawing the <£/ diagram for carbonic acid, Dr Mollier has 
.used the data suppjied by Amagat’s investigations, and has given 
not only the boundary curve for the states of liquid and saturated 
vapour, but also the ^relation of I to (j> in various states of super- 
r heating, by means of curves of constant pressure and of constant 
temperature, covering the region beyond the critical point so far 
as tpat is required for application to practical problems. 

If thv? diagram were drawn with ordinary rectangular co- 
ordinate^ it would bd inconveniently spread out, and to b'ring it 


into reasonable compass Dr Moilier adopts the device of shearing 
it over by using oblique coordinates. 



Fig. 69. 

Taking t^values pf entropy along OA (Fig. 69) those of / are 
* Uken parallel to an axis 6 b inclined to AO produced at an angle 
§l Values *of £ may sfccordiogly be meastir^ either along OB, 
m on 4 another * scale along, OM (perpendicular to QA\ Since 
QM ** QB sin 0 ttie scale for measuring I along OM is such that 

any distanpe taken along OM represen'es times as many units 

sin u 

* • * * 
oil are represented by the sfund*distaace taken along OB . 

Dr Mollier a $1 diagram for "carbonic acid, drawn in this 

manner, is reproduced in Fig. and also on ,a larger scale in the 
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towing plate at tue end of tjiis work. Here sin 0 = £ agtfi accord- 
ingly the scale for I taken aloftg the isSn tropic or lujabatic* lines 
(parallel to OB) is five times #is coarse as tho scSle foi^ which 
figures are given •parallel to OM. 



Fig. 70. 

The system of parallel lines which run from right to left, 
sloping upwards, are adiabatios, corresponding to tly stated values 
of the entropy <f>. A system of horizontal lines is drawn *to* 
facilitate measurertiefits of J, using the sc£le ofwtfis rijfht-hand si^e 
of the diagram. Any measurements of I taken*directly ^lSng an 

adfe^atic line are to be interpreted on a scale five times as coarse 

t * 1 • • • 

as this. The straight lirtes which extend from one side to the 
other of the boundary curve are lines exhibiting thb process o£ 
evaporation at the statod terffperaturg (or pressure). * 4s h&s been* 
sjiown -above the slope of tfhese lines varies froitf line to line, 
depending as it does on the temperature. 
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The pprves which lie within 'the boundary curve are drawn to 4 
divide ,eachf ^aporiang "line into *fcen equal parts, to facilitate 
reading the/proportion of liquid »to vapour. 

The use of the diagram will be made dear by taking an 
^example (given by Molli<^). Suppose evaporation to take ‘place 
at - 15° C. and to be complete before compression begins. The 
pointed) in tfig. 70 nmrfs the condition of the dry satumted 
vapour on admission to the compressor. Compression is then 
* carried on till the pressure becomes 70 kg. per sq* cm. This 
1 determines the point (b) which marks the end of compression and 
shows that 'the temperature of the superheated gas is then 70° C. 
The temperature then falls along a constant pressure line through 
the point ( b ), and at the point (c), when the boundary curve is 
reached, condensation begins. 'The temperature at which coa- 
Mensation takes place is. the temperature corresponding to a 
jjrefc&ire of 70 kg. per sq. cm., Namely 28’ C. At ( d ) condensation 
is complete, but in this example^t is supposed that the condensed 
liquid is further cooled to 20 r C. before it reaches the regulating* 
valve. This state is ‘marked by (e), the line from ( d ) to ( e ) 
representing the cooling of th^ liquid still undcr r tbe constant 
pressure* of ^0 kg? per jsq. cm. In the passage through the 
regulating Valve i, as we have seen above, is constant : accordingly 
that # proc£ss is shown, by the horizontal line (e) t6 (/). At (/) 
,the substance has reached the pressure under wh\ch evaporation 
is to take'pl&ct, and its wetness, as determined .by the segments 
of tjie valorizing line, is *03. From (/) to (a) is, the* vaporizing 
process in the evaporator. 

• The net coolflog effect ;is measured by the change of I during 
this process, ancj is therefore given »by, the vertical distance 
between (fy) and (//measured on the scale gf I ht the right-hand' 
side of the diagram. , « 

t * The work spent in the compres^on is measured by the change 
of I betweer^sta&es.^a) and (b), and is most Conveniently found by 
directly^ measuring the length, (a) to ( b ) on the coarser scale for I. 

The whole he&t given out in* the condenser and cooler is" 
measured by the change of I betweeq points (b) and (e). 

Measuring from the diagram, the work done in compression in 
this e^amp'e* is equivalent to 1V3 beat units ; the heat rejected 
to condenser *and coolea is 55'5 ; refrigerafing effect is 44‘2. 
The coefficient of performance^ is accordingly 3*9. 
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If instead of «a regulating valve there were an ^xpatfsion 
cylinder, the adiabatic line (e) to (g) whuld^how the process of 
adiabatic expansion. Its lengtji would measure (in*tieat#units) 
the work recovered by the ustf of the expansion cylinder, and 
the gaia in refrigerating effecj woujd be measured by the 1 
difference in I between points *(g) and (/). In this example 
the«work saved would be 2’4 heat uhitfc, and the refrigerating 
effect would be increased to 46'6. The theoretical co-efficient of 
performance* would be* raised to* 5'2. In practice the gain would 
of course be much less, owing to friction»in the expansion cylrffcfet. 

The advantage of cooling the liquid as far as possible before it 
passes the regulating valve is obvious. If this cooling were 
omitted, and the liquid were to pass through the valve from thp 
state (d) the refrigerating effect tVould be seduced to an extent 
that is readily found b/ drawing a tyrizontal line through the* 
point ( dj t S meet the vaporizing linP. The substance after jpd!®n^ 
the valve would then contain a u#ich smaller proportion o'f liquid, 
raid the heat to be taken up in completing the evaporation would 
be correspondingly reduced. " ^ 

Studeirts of the subject, aqd ^specially those who InlSve lo’3o 
with the design of refrigerating plant u^ng *cJWbony 3 acid, will do 
well to master this diagram, which lends itself particularly welt to 
the solution of practical problems. The Large scale cfiagrajn at 
the end of the pook will be found convenient in such applications 1 * 

Mollier s pi cuagvam. 

AnotUer diagram described by Mollies in tlje same paper is 
also interesting and convenient in u&. Ir* it the qu^itities *p 
and / are taken # as rectangular coordiitates , htrizonta^ distances 
represent I and vertical distanqps reptesqpt pressure. • Lines of 
constant pressure are therefore hori^pntal strai§^ lines. The 
diagram, which is reproduced* in Fig. 7^, indues a number W 
isothermals or* lines* of uniform temperaturS* marked witji the 
temneratures to which they relate, *and also ^ humber #f adia- 
batieS, toward the* right-Jian?! side o^the diagram, vtfiich are 
added to facilitate the study of the compression process. ‘The 
0 • 

1 Tfce writer if indebted to Mr S^hatn of the Linde Compandor drawing hia * 
attention to # the practical advantages of Aollier’s diagram, in ooimehlfon *ith the 
design of ^refrigerating machines, ancl ttf Dr Mollier himself for the lafge diagram 
reproduced in the folding plate. * 
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same example as before is represented here, .with evaporation^ 
occufripg af 15° C. * Beginning with dry saturated vapour of, (a), 
the compression. process is ab, w^ich goes on till the pressure is 
70 kg. per sq. cm. and the temperature is then 70° C. The line 
%cde is the constant pressure process which goes on ir^the con- 
denser and cooler, namely first cooling to the temperature of the 



r t 

, condensation (be), then condensing at that temperature {cd\ then 
'cooling tLe f bdxidensed liquid to 20° C. ( de ). The line ef X s the 
pa&age ^hrough t-He regelating valve, and fa is f he* evaporation- 
which produces the refrigerating effect. As before, the distance 
of the point (/)*froyi theftwo limbs of the boundary curve shows 
the proportion the substance existing as gas and liquid re- 
spectively..after passing th^ regulating valv/3. A group of» curves 
is drawn, as ijMhe previous figure,* within the boundary curve to 
facilitate the reading of the dryness <v, by dividing the vaporizing 
Jines into tgji equaUparts. * - * 

'ftip refrigerating effect is directly measured by the length of 
the line fa. The 'work of compression is the .change of I between 
(a) and«(6), which is founS by projecting these points ,on the scale 
at the foot. The heat rejected to condenser and cooler is then 
m easy red by the length be. ( An,adM>atic«line through {e), riamely 
eg, is added tt> show the.action that Would take place if an expansion 
cylinder were* used instead of a^firottle-valve, to let the substance 
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TOown from the higher to tjie lower pressure, m thq^eas^ the 
refrigerating effect would be® increased* by 4he aftn^mt gfl and 
this would also measure the fork recovered in tv expansion 
cylinder. 

The «gain in refrigerating effect which results from cooling th£ 
condensed liquid as far as the coiling wrfter enables it to be cooled 
before allowing it to expand is again vSrji apparent 

Compared with the <pl diagram, the pj diagram affords 
scarcely so convergent a means*, of exhibiting and measuring* the* 
quantities involved in the refrigerating* process, on account ^f*its» 
less simple representation of an adiabatic action,. ‘but it has 
perhaps the advantage of being more easy to understand. 


• [Note added 1919. For a "fuller account d^the application of Mollier’s 
diagram fb action of refrigerating machines of the vapour-comjoqssiou 
type, reference should be made to the Report of the Refrigeratioij^Resear&r - 
Committee of the Institution of Mechanical Engineers, published in October 
*1914.] 
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